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INVENTION DESCRIPTION 

Describe the invention completely, using the outline given below. Please provide an electronic copy of the 
invention disclosure document, references, and abstracts in Windows format on CD-ROM or floppy disk if 
possible 

1. Marketing Summary [Please provide a non-confidential summary of the invention that can be used for 
marketing purposes. Unique details that are published may also be included.] 

Brief Description: 

For the management of contaminated sites, the risk assessment of microorganisms introduced into 
natural environments, and the search for novel microorganisms/enzymes/compounds applicable to 
biotechnology, a monitoring tool and analysis strategy are disclosed allowing for the automated, rapid 
and simultaneous determination of the following parameters: (1) water quality and toxicity, (2) intrinsic 
bioremediation potential, (3) accelerated bioremediation potential following nutrient amendment, (4) 
effective bioaugmentation strategies for environmental cleanup, (5) turnover rates of natural compounds 
and environmental pollutants under natural and enhanced conditions, (6) in situ DNA synthesis and 
protein expression, (7) in situ growth/death rates and metabolic activity of native and introduced 
biological agents under natural and altered environmental conditions, (8) structure and dynamics of 
microbial communities indigenous to natural soil and water environments, (9) identity and activity of 
microorganisms of potential value for use in biotechnology. 

Potential Commercial Use: 

The environmental monitoring tool and strategy could be sold as a license, product and/or service. The 
technology can be used to obtain in a one-step process a comprehensive assessment of contaminated 
waste sites based on which treatment strategies can be selected, implemented and then monitored, again 
using the new technology. The invention may be applied to assess the potential risk resulting from the 
release of pathogens and genetically engineered microorganisms into natural environments. In addition, 
it has potential value for discovering microorganisms, enzymes and natural products of relevance for the 
pharmaceutical industry and the biotechnology sector. 

Marketing Goal: 

Johns Hopkins University is seeking licensees for this technology 
Keywords: 

Bioremediation, environmental management, site assessment, risk assessment, bioaugmentation, bioprospecting, 
water quality, toxicity, contaminants, bioterrorism, pathogens, environmental monitoring. 
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SOFTWARE -Does this disclosure include a software element or software is implemented in the invention ED Yes O No 

If yes, please complete the Software Information Form which can be found at: 

BIOLOGICAL MATERIAL - Does tMs disclosure include biological material, □ Yes □ No 

If yes, please attach a list of materials for reference. A Tangible Property Report of Invention form may be completed if the disclosure is 

biological materials only. You can find this form at: htm://www.hopkmsmedicine.org/lbd/otl/ 

2. Problem Solved [Describe the problem solved by this invention] 

The new tool and analysis strategy allows one to determine the microbial community structure of complex 
environmental mixed cultures, to link an observed chemical, biochemical and/or physical change to a particular 
microorganism, to study microbial interactions, and to culture and study previously uncultivated microorganisms 
in pure culture and during interaction with their natural environment. The device and technology can be applied in 
situ and ex situ (on-site or in the laboratory). Due to the incubation of the tool in situ, rates and metabolic activities 
determined with the device are expected to closely mirror actual actions currently occurring or potentially 
occurring in situ. In addition, the device may be inoculated in situ and incubated and analyzed ex situ. 
Alternatively, inoculation and incubation of the device can be performed ex situ. The use of isotopes in 
conjunction with molecular-genetic and/or proteomic analysis techniques allows one to distinguish dead and 
dormant microorganisms from metabolically active ones (only viable cells will incorporate isotope labels into 
biomarkers). Parallel testing of effects caused by various environmental parameters (e.g., type and concentration of 
added nutrients/mixtures/microorganisms) allows one to deduce which of the metabolically active microorganisms 
are responsible for an observed change. This has important implications for the design and monitoring of 
bioremediation strategies, e.g. bioimmobilizaiton of uranium by bacteria, or the dechlorination of toxic 
chloroethenes, etc. Taken together, these characteristics of the new technology provide a hitherto unattained level 
of discriminatory power that will enable one to selectively enrich for, culture and identify novel microorganisms 
and microbial functions. This is of great importance for the cleanup (bioremediation) of contaminated sites and for 
the biological prospecting for novel microorganisms, biomolecules, drugs and metabolic processes. Furthermore, 
the technology can be used for the in situ cultivation of microorganisms that do not grow in the laboratory, and for 
assessing the survival and metabolic activity of foreign species in natural environments, which is of importance to 
public health. 
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3. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 
The tool and analysis strategy are novel because they allow for the first time the cultivation and comprehensive 
biochemical characterization of microorganisms in their natural environments. The technology is novel in that is 
.combines in a non-obvious fashion the following tools/approaches: solid-phase sampling techniques, in situ 
enrichment and biochemical screening, use of electron donor/acceptor pairs, isotope labeling and massive parallel 
screening with automated analysis. The technology is novel in that it provides data for hundreds or even thousands 
of hypothetical environmental scenarios, thereby allowing one to determine quickly and in an automated fashion 
the likely rates of environmental change induced by these perturbations. The strategy is novel in that it makes use 
of in situ microcosm arrays in conjunction with culture-independent microbial community analysis to obtain a 
comprehensive picture of microbial communities. It is suitable for linking specific microbes to observed reactions 
by using computer-assisted subtractive profiling techniques. It is fully compatible with existing robotic systems 
thereby allowing for rapid and fully automated analysis using chemical, physical, biological, genomic and — more 
importantly — proteomic analysis techniques. The proposed inclusion into the in situ microcosm array sampler of 
miniaturized pumps, closure mechanisms, semi-permeable membranes and filters is new as it will allow one to 
first inoculate and then incubate the device in the environment without removing (and potentially harming) the 
resident microbes from their natural environment. The device can be equipped with micro fluidic systems allowing 
for delivery of small volumes and defined quantities of microorganisms to the test chamber prior to physical 
and/or chemical containment of the captured specimens via barriers that are either non-permeable, semi-permeable 
or completely permeable for chemical compounds; this aspect will allow one to culture uncultivated or "non- 
culturable" bacteria to numbers sufficiently large to perform biochemical characterization and identification. The 
technology is suitable for determining the rate of protozoan grazing in situ. The device also allows one to 
determine how non-native microorganisms will cope in natural environments when confronted with physical, 
biological and/or chemical stressors. For this application, test organisms will be inoculated into the device prior to 
its deployment. Semi-permeable membranes can allow the introduced species to come into contact with the target 
environment while staying contained in the device. Inoculation of some of the test chambers with known quantities 
of test microorganisms also can assist in determining the toxicity of a natural environment and in normalizing 
assessment data for direct comparison of geographically distinct environments. 



4. Potential Commercial Use - [What products can be produced with this invention.] 
Potential Commercial Use: 

The environmental monitoring tool and strategy could be sold as a license, product and/or service. The 

technology can be used to obtainln a one-step process a comprehensive assessment of contaminated 

waste sites based on which treatment strategies can be selected, implemented and then monitored, again 

using the new technology. The invention may be applied to assess the potential risk resulting from the 

release of pathogens and genetically engineered microorganisms into natural environments. In addition, f^e. inuwh'oQ 

discover. "'. microorganisms, enzymes and natural products of relevance for the Q ° ° 
pharmaceutical industry and the biotechnology sector. 
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8. Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, breadth of 
substituents, derivatives, salts etc., if DNA or other biological material, describe modifications that are expected 
to be operable, if a machine or device, describe operational parameters of the device or a component thereof, 
including alternative structures for performing the various functions of the machine or device] 

The proposed technology has a broad workable extent. The instrumentation and analysis technique can be 
optimized for exclusive in situ applications, ex situ applications, or a combination of the two. Modification of the 
closure mechanism configuration described on the attached pages will allow for sequential opening and closing of 
microcosm compartments. Real-time and monitoring equipment can be added to the device to increase 
functionality and to trigger reactions at specific points in time selected by changes in the target environment (e.g., 
heavy rainfall events). Use of radio frequency signaling and remote controls can replace the umbilical cord shown 
in the attached Figure. The design of the device can be altered to allow dployment of the device in environments 
featuring extreme conditions including, but not limited to, extreme pH, temperature, pressure, radiation, etc. 
Micro fluidics, filters of varying sizes, semi-permeable membranes and alternative closure mechanisms maybe 
integrated into the sampler to separate in time the inoculation of the device from the incubation period that allows 
chemical change to take place within the sampler. Optical and/or electrical detection systems may be incorporated 
in microfiuidic configurations to seal individual microcosms as soon as a single cell has been delivered to the 
microcosms, thereby greatly increasing the success rate of isolating novel microorganisms. Proteomic approaches 
may be used for rapid and fully automated analysis (e.g., matrix assisted laser desorption/ionization time-of-fiight 
mass spectrometry (MALDI-TOF MS) and protein sequencing of enzymatic digests using tandem mass 
spectrometry (MS/MS). Central facilities may be used for analyzing samplers deployed in situ. This will allow for 
automated analysis and for a high degree of standardization. Standardized analysis in turn will dramatically 
improve measurement precision and will allow one to determine the systematic biases of the technique (due to 
"bottle effects") that may limit measurement accuracy; once identified, these biases can be accounted and 
corrected for thus enabling one to predict — with high accuracy and precision — the environmental change to be 
observed following engineering interventions. For bioremediation purposes, this would entail the development of 
databases that record predicted biotransformation rates and rates actually observed in situ. The format of the tool 
allows for automated analysis. Speed and ease of analysis may be achieved by replacing molecular-genetic 
analyses with other more convenient measurement techniques suitable for discerning isotope distributions (e.g., 
use of MALDI-TOF MS and bioinformatics database searches for automated microorganism identification). 
Sample processing using commercially available robotics (e.g., Amersham Biosciences robotics) and tools for 
rapid sample cleanup and processing (e.g., Gyrolab MALDI SP1 etc.) in conjunction with enzymatic digestion 
steps (e.g., trypsin digestion). 

The device also maybe adapted for studying the fate of either beneficial or hazardous biological agents in natural 
environments. This work would require the device to be modified to reflect as closely as possible within each test 
compartment the physical/chemical/biological environment of interest (e.g., flow-through cells equipped with 
local sediment etc.). Again, the device would be equipped with a semi-permeable barrier allowing for interaction 
of the test species with the environment without allowing for its release. 
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9. References [Please cite relevant journal citations, patents, general knowledge or other public information 
related to the invention and distinguish between references that (A) contain a description of the current invention 
from those that (B) contains background information.] 
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Description of the Technology 



Configurations of the microcosm array for bioremediation and bioprospecting in addition to 
those mentioned in the attached research proposals; in situ and ex situ applications. 

In addition to the details provided in the attached research proposals, the device can be 
equipped/used as stated below: 

Ex situ application. The ability of the device to carry out a large number of experiments under 
controlled conditions in a standardized and efficient format can also be exploited using ex situ 
techniques. For example, the device may be deployed in situ for inoculation and incubated ex 
situ (in the field or in the laboratory) prior to analysis. Alternatively, a liquid sample may be 
obtained from a given target environment and the device may be inoculated ex situ and incubated 
ex situ. 

Mechanism for sequential closing of individual microcosms. The closure mechanism shown in 
the attached pages can be reconfigured to allow for sequential closing of individual microcosms. 
Separation of the valve plate into sections covering individual rows will allow to selectively 
close one row at a time. Placement of identical microcosms in different rows of the device will 
allow to collect multiple samples of the replicate experiments at various discrete time points. In 
this way, biochemical activity and chemistry can be measure at different points in time to 
facilitate time-discrete measurements of and to allow for various degrees of chemical labeling 
when employing isotopic labels. 

Addition of (real-time) monitoring probes to the device. The utility of the device may be further 
enhanced by adding instrumentation for environmental monitoring to the device. Monitoring 
probes and sensors may be integrated into the device or added on to its exterior or immediate 
vicinity. Parameters suitable for monitoring and real-time monitoring include, but are not limited 
to: pH, conductivity, redox potential (Eh; ORP), temperature, salinity, alkalinity, turbidity, 
dissolved oxygen, dissolved oxygen saturation, chlorophyll, pressure, depth, particle 
concentration, particle size, etc. Use of particle counters in conjunction with the microcosm array 
will be particularly beneficial when attempting to deliver a predefined quantity of 
microorganisms into specific chambers. Signals of the above probes and sensors maybe 
transmitted through cables, circuits, radio waves or other media suitable for signal transmission. 
For off-line monitoring and long-term monitoring, collected information may be stored in place 
(within the device) or remotely (e.g., in the field or in the lab). 

Delivery of chemicals to stop chemical reactions and microbial activity. In order to measure the 
extent of chemical reactions taking place in the device, reagents may be delivered to individual 
microcosms at different points in time to abort reactions and prevent further chemical change. 
This feature will be beneficial for the determination of reaction kinetics as it will allow to obtain 
"snapshots" of the chemistry in individual microcosms over time. Chemical modifiers suitable 
for stopping on-going reactions include, but are not limited to, pH agents (acids, bases), selective 
enzyme inhibitors (e.g., acetylene gas for inhibition of oxygenases), heavy metals binding to 
enzyme complexes (e.g., mercury chloride) and others. Chemical modifiers may be delivered 
passively or actively. Delivery modes include, but are not limited to, injection from a pump, 
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pressurized vessel or equivalent, diffusion into the microcosm from a sorbent material, rapid 
heating or cooling of the device or chamber, and equivalent techniques. 

Sorbent materials for chemical analysis. Effluent from the individual flow-through microcosms 
will be passed through a sorbent material (e.g., chromatographic columns, C-18 solid-phase- 
extraction plates [Spec manufactured by Varian], ion exchange cartridges, disk filters, 
membranes or other) to sorb and capture selected chemicals/specimens of interest. Following 
retrieval of the device, chemicals/specimens collected on the sorbent can be removed and 
analyzed. This allows one to conduct a complete mass balance on microorganisms and chemicals 
entering and leaving the device. For this purpose, sorbent arrays can be located downstream 
and/or upstream of the microcosm array. 

Individual collection vessels. The attached drawings shows a single receptacle for the combined 
effluent of all flow-through microcosms. Alternatively, the effluent of the individual microcosms 
may be collected separately. Thus, the single effluent bottle shown in the attached research 
proposal may be replaced by a manifold connected to hundreds or thousands of small bladders 
that can capture the effluent from each individual microcosm thereby providing an absolute mass 
balance on all materials that passed through each of the microcosms. 

Standardized microcosms. Each ISMA can contain a number of "standardized microcosms." 
The latter are flow-through microcosms containing a known quantity of well-defined 
microorganisms and varying amounts of test compound(s) (none to high concentrations). 
Standardized microcosms will provide a measure of the toxicity of the test environment. In 
addition, analysis of the survival and growth of these microorganisms and their metabolic 
activities under the respective conditions will allow one to normalize test results for ISMA 
samplers deployed in different locations and at different points in time. 

Integration of filters in selected microcosms. Selected microcosms will be equipped with a filter 
(placed at the inlet or further upstream of the flow-through microcosm). Filters will allow one to 
selectively exclude certain microorganisms from entering a flow-through cell. For example, 
exclusion of protozoans will allow one to determine the rate of protozoan grazing by comparing 
the results of two sets of microcosms that were identical except for the presence of the filter in 
one set of the systems. Similarly, one may exclude larger bacteria using a particular pore-size 
filter to selectively enrich for small bacteria (micro- and nanobacteria). 

Modifiers. Selected flow-through microcosms will be equipped with chemical inhibitors, 
inducers and similar chemical modifiers. This will allow one to selectively induce the expression 
of proteins and metabolic functions of interest in captured microorganisms. In addition, chemical 
modifiers may be used to selectively suppress subpopulations within the device. For example, 
antibiotics can be included to suppress growth of fungi, certain bacteria and protozoa. Similarly, 
inhibitors can be included to prevent the growth and activity of microbial subpopulations; for 
example, sulfate reducing bacteria and methanogens may be selectively inhibited using sodium 
molybdate and BES, respectively. Additional selective inhibitors exist that inhibit other 
subpopulations. 



IO 



Test compound delivery system. Agar is only one of many substances to be used as a substratum 
for microbial colonization and as a medium for continuous release of test compounds. 
Alternative materials include gellan gum with or without CaCl (Jansen et al. 2002), and other 
inert materials such as glass or plastic that can be molded to form columns, porous networks* 
beads, etc. Test compounds may also be presented to microorganisms within the microcosms 
using solids (crystals) and coatings of poorly water-soluble compounds (nonaqueous phase 
liquids). Gases may be delivered to the system using any of the following techniques: in situ 
generation of the desired dissolved gaseous species; adsorbed gases; semi-permeable membrane 
vesicles filled with gasses of interest (passive gas delivery); or active gas delivery using 
miniaturized pressurized gas bottles. 

Pumps. The test medium (e.g., groundwater or seawater) may be delivered by a single pump 
using conventional pump systems such as centrifugal pumps, rotary pumps, piston pumps, 
syringe pumps (twin configuration; one syringe delivers while the other is being filled), 
peristaltic pumps and/or bladder pumps. Alternatively, multiple pumps may be used to achieve 
similar flow rates in all systems regardless of pressure buildup that may occur as a result of in- 
line filters, physical clogging and microbial growth. These pump arrays may use any of the 
above pump mechanisms or equivalent others. 

Microfluidics and multiple arrays. Some applications may benefit from the use of microfluidics 
and operation of multiple arrays in parallel or in series. For example, for bioprospecting studies 
the number of test compartments may be as high as several thousand per microcosm array. These 
miniaturized systems will be fed with test medium (groundwater, seawater, etc.) using 
microfiuidic systems that minimize dead volume within the device and allow for delivery of 
(sub-)microliter quantities of test medium to the individual microcosms. This configuration will 
be ideal for bioprospecting studies to cultivated otherwise "non-culturable" microorganisms. 
Following delivery of a small volume of test medium to a microcosm, the valve plates may move 
into an intermediate position thereby placing a semi-permeable membrane at the entrance and 
exit of a microcosm. Thus, individual microbial cells may be trapped randomly in a single 
microcosm. These may then be incubated in a flow-through mode that allows chemicals to enter 
and exit the test volume while microorganisms are prevented from moving in or out of the test 
vessel. In this way, confined microorganisms may be cultured while still being in "chemical 
communication" and interacting with other microbial community members. Cell signaling and 
other chemical interactions occurring only in situ are known to be essential for certain 
microorganisms to proliferate. Operating thousands of microcosms in one array and several of 
these arrays in parallel or in series will facilitate high throughput screening of large numbers of 
organisms under diverse test conditions. 

Adaptation of the device for deep-sea exploration. Using the configuration and materials shown 
in the attached drawing, the device is estimated to withstand depth of 100 meter and below. 
Alternative materials such as the use of stainless steel with or without polymer coating will make 
the device suitable for deep-sea deployment. The umbilical shown in the attached figure may be 
replaced with a remote and/or programmable control mechanism. 

Combined use of the ISMA with a flow cytometer. Capturing of individual microbial cells for in 
situ or ex situ cultivation may be attempted by chance, that is, by delivering to the microcosm of 
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a small volume of liquid likely to contain only one or a few microbial cells. This somewhat 
inefficient process will be greatly enhanced by using the microcosm array in conjunction with a 
flow cytometer. The advantage of this configuration is that individual cells and microcolonies 
can be directed to, and sealed in, individual microcosms. Deposition of known quantities of cells 
will be advantageous for increasing capture efficiency and cultivation efficiency. In addition, the 
flow cytometer could be used to distinguish particles thereby selectively "harvesting" cells of 
interest while diverting those that have a low likelihood of representing unique clones. 
Containment of microbial cells of interest can be complete — via use of the solid valve plate or 
equivalent — or selective — via use of a semi-permeable membrane allowing for both physical 
isolation of cells and continuing "chemical communication" with the surrounding environment. 
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Down- Well Diagnostic Device for Environmental Monitoring and Bioprospecting 



Rolf U. Halden, Ph.D., P.E., Assistant Professor of Environmental Health Sciences 

Introduction 

Bioremediation is an effective, yet inexpensive biotechnology for removing organic and inorganic pollutants from 
contaminated environments (Lowe, Madsen et al. 2002). When targeting dissolved metals and radionuclides, die 
goal is to convert water-soluble, toxic species to insoluble, less toxic daughter products (Loveley J002). For 
example uranium may be removed from contaminated groundwater and immobilized in the subsurface via the 
injection of carbon sources that stimulate the microbially induced precipitation of dissolved U(VT) in the form of 
insoluble U(TV). In this case, the contaminant is being treated "in place" and the process is bemg referred to as in 
situ bioremediation. 

When designing in situ bioremediation strategies, it is essential to gain an understanding of the type, activity, and 
nutritional requirements of subsurface microbial communities present at a specific cleanup site (Halden, Tepp et al. 
1999) Microbial community information also is important for convincing regulatory agencies and stakeholders that 
the contaminant is being removed (or, in the case of metals, successfully immobilized in the subsurface) rather than 
% being diluted or dispersed in groundwater. 

Currendy, the assessment of bioremediation potential at a given site is a two-step process involving: 

(1) DNA extraction and culture-independent profiling of microbial communities using organism-specific 16S 
rDNA sequences as "microbial name tags." 

(2) Extensive microcosm screening studies to determine which substrates are suitable for eliciting and 
promoting a desired degradative, microbial function. In addition, these lab experiments yield estimates of 
contaminant removal rates which, unfortunately, often poorly reflect the actual kinetics occurring m situ. 

This _ describes a new technology that nromises to ac c omplish both of the above tasks in a one-step process, 
vjeTdin^superinr results bv nmviding more detailed information of higher accuracy m a shorter time period at 
si gnificantly reduced costs. The technology will yield information on what types of organisms are present, which oi 
these are alive and metabolically active, which nutrients may be added to accelerate bioremediation, at which 
concentrations these additives should be used, which pollutants will be biodegraded and at what m situ rate the 
bioremediation process will proceed. 

In addition, the technology may be used for biodiversity prospecting (bioprospecting), i.e., it may be applied for the 
identification of useful microorganisms, metabolic processes, or products in nature (Lowe, Madsen et al. 2002). 

■ >. 

Technology Description 

The bioremediation of contaminated sites requires the development of automated, field-ready technologies for 
studying the complex microbial communities indigenous to contaminated subsurface environments. In order to 
address this need, a mrniaturized down-well device has been invented that will facilitate (1) m-well microbial 
sampling (2) culture-independent characterization of microbial communities of groundwater, (3) identification ot 
metobolically active community members participating in the biotransformation of contaminants, (4) determination 
of bioremediation potential at the contaminated site, (5) identification of electron donor compounds suitable for 
stimulating pollutant-degrading communities, (6) identification of electron acceptor compounds used in situ, and (7) 
determination of the kinetics of in situ contaminant removal both under present conditions and under enhanced 
conditions. Although the technology potentially will be applicable to all organic and inorganic contaminants m most 
environmental media, the technical design presented in the following specifically targets the bioremediation of 
saturated subsurface environments containing metals and radionuclides. Uranium was chosen for illustrative 
purposes. 

Biological reduction of U(VI) to U(IV) can be performed by a significant fraction of metal-reducing bacteria 
indigenous to subsurface environments (Loveley 2002). The presence of biotransformation potential does not 



necessarily mean that bioremediation is or will occur, however. So how does one tell whether and which of the 
potentially relevant microorganisms detectable at a given site are performing the desired reaction? Currently 
available detection techniques generally do not provide a satisfactory answer to this question. The reason for this lies 
in the fact that in most field situations uranium-transforming microorganisms represent only a very small fraction of 
the microbial subsurface community. Since uranium represents only a small portion of the sum of electron-acceptors 
available in situ, uraruum-txansforrning microorganisms are likely to be out-numbered by other indigenous bacteria. 
Thus, non-selective techniques such as amplification of 16S rDNA followed by denaturing gradient gel 
electrophoresis (DGGE) analysis may fail to detect uranium-reducing bacteria that are present at low densities only; 
the use of genus-specific PCR primers in contrast should always produce positive results when targeting ubiquitous 
microorganisms, irrespective of the organisms' actual role in the transformation of radionuclides. The use of stable 
isotopes as chemical reporters can help to discriminate metabolically active bacteria from dormant or dead 
community members and from those performing functions unrelated to bioremediation/biostimulation. 

I propose the use of stable-isotope labeled substrates {e.g., 13 C-labeled acetate) as chemical reporters of 
biotransformation activity in miniaturized, field-deployable down-well devices. The device will have identical 
dimensions to a 96-well microtiter plate (or to other commercial test systems for which automated analysis already 
has been perfected). The device will be deployed— folded into the smallest possible conformation— by lowering it 
into a standard casing of a groundwater monitoring well (typical well casing diameter is 4 inches). Each of these 
tools will hold 96 (and potentially even more) different, physically separated test environments, or "test wells." 

Once the device has been lowered into the monitoring well to the desired depth, it will be triggered from the surface 
via an electrical signal conducted by a wire (or via other means such as a programmed build-in mechanism). 
Triggering of the device will expose each of the up to 96 "test wells" to the flow of groundwater. Microorganisms 
suspended in the groundwater will attach themselves to the presented surfaces and will become trapped in the 
device. Additional free-living microbes will become trapped once the device receives the signal to close again. 
Some of the test wells will have uranium-coated bottoms (representing the contaminant of concern). Individual test 
wells may also contain one stable-isotope labeled nutrient for determining its effect on microbial growth and 
activity. The now closed device will be incubated in situ to allow for growth of microorganisms on the labeled 
substrates. 

During this incubation period all bacteria directly or indirectly involved in the utilization of isotope-labeled electron 
donors will become enriched in isotope-labeled DNA. Following retrieval of the tool from the well, microorganisms 
may be washed off the surface and their isotope-labeled, higher-density DNA may be separated from background 
DNA by density-gradient centrifugation. This higher-density DNA (and the non-labeled DNA) can then be analyzed 
using known molecular techniques. Oligonucleotide microarrys may serve to identify/enumerate target-specific 
organisms whereas clone libraries may be used to identify novel, uncultured microorganisms. The device may be 
used in conjunction with commercially available robotics for automated extraction of DNA. The extent of 
microbially induced corrosion of metals/radionucliudes may be measured optically by scanning the metal surface 
with a laser; alternatively, contaminant biotransformation may be detected biochemically via addition of a 
dye/reporter or electrochemically via measurement of electrical resistance. Analysis of the uranium-coated surface 
will allow for determining the extent of uranium reduction and the calculation of pollutant removal rates occurring 
under in situ conditions. 

Test wells of the device also may be equipped with a matrix allowing for the slow, continuous release of chemicals 
(e.g.. external carbon and energy sources: other nutrients; conditioning agents such as pH or redox agents). The 
matrix may be a polymer or a membrane vesicle containing the nutrient in question. Diffusion characteristics of the 
matrix/membrane may be selected to achieve different nutrient levels in each of the test wells if desired. Presented 
nutrients may be added in solid, liquid or gaseous state. Energy sources may be presented in the presence and 
absence of pollutant coating. 

Some of the test wells may be configured for continuous flow-through operation in situ. Flow through the device 
may be passive or active. In active devices, a small pump would facilitate groundwater movement whereas tubing of 
various length and configuration may be used to prevent the effluent of one test well to become the influent of 
another. These test systems will report on intrinsic (bioremediation') biocorrosion potential and rates. Computational 
analysis of the up to 96 resultant data sets using subtractive profiling will ad a hitherto unattained discriminatory 
power to the analysis of both microbial community composition and function in subsurface environments (Figure 1). 
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Figure 1. 

The above schematic illustrates the utility of the proposed device. Conventional microbial community analysis 
produces a picture as shown in A. The use of isotope-labeled nutrients can reveal which of the detected 
microorganisms are alive and active (right half of the community shown in A). Use of the proposed device will 
allow for the determination of up to 96 community profiles determined under various environmental conditions (B). 
Computational analysis of the resulting data using subtractive community profiling allows one to identify important 
pollutant-transforming microorganisms within the large group of active microorganisms (not all metabolically active 
bacteria are partaking in the bioremediation process). In addition, environmental conditions in the device may allow 
for the selective enrichment of pollutant-degrading bacteria; some of these may be detected for the first time (C). In 
addition to the microbial profiling data, optical/chemical analysis of the proposed device will provide data on the 
rate and extent of biotransformation under 96 different scenarios including the conditions prevailing at the site. This 
information is critical for designing bioremediation strategies for site cleanup. 



The technology is deemed enabled in the legal sense as it uses various proven techniques and technologies 

in a novel and non-obvious way to achieve the desired goal: the rapid automated analysis of field samples for 
microbial community composition, degradative potential, and degradative activity under prevalent conditions and 
under those conditions that may be created in situ to accelerate the bioremediation process. Techniques/technologies 
incorporated in the novel device include: 

1) Down- well tools for sampling for monitoring wells 

2) Multi-titer-plate testing and fully automated analysis 

3) Slow-release compounds for continuous release of microbial nutrients 

4) Membrane technology for delivery of nutrients 

5) Micro fluidics 

6) Laser detection of microbially-induced corrosion 

7) Automated DNA extraction 

8) Isotope labeling of microorganisms 

9) Density gradient analysis for separation of high-density labeled DNA 

10) Microbial community analysis using microarrays and bioinformatics 

1 1) Subtractive community profiling for identification of relevant microorganisms. 
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Production and Testing of an In Situ Microcosm Array Prototype 



Rolf U. Halden, Ph.D., P.E., Assistant Professor of Environmental Health Sciences 



Abstract 



In situ microcosm arrays (ISMAs) are field deployable devices designed to assist in any of the following tasks: (1) design 
and monitoring of bioremediation, (2) environmental risk assessment for genetically modified microorganisms and non- 
native, exotic species, and (3) the discovery of novel microorganisms, enzymes and natural products of interest to the 
biotech and pharmaceutical industry. In the past six months, JHU has filed three provisional patent applications detailing 
ISMA sampler design and laboratory analysis strategies. Accordingly, the integrated ISMA technology is a three-step 
process consisting of the following: (1) deployment of remotely-controlled, submersible, miniaturized test systems 
(microcosm arrays) that facilitate massive, parallel, biochemical testing of natural microbial communities in situ on a 
micro-scale, (2) automated, robotic analysis of the sampling devices following retrieval from the target environment (e.g., 
groundwater monitoring wells, lakes, rivers, and extreme environments such as hot springs, deep sea vents (black 
smokers) and aquatic biodiversity hotspots), and (3) computerized data analysis, data normalization, and calculation of 
biochemical turnover rates. A recently completed prior art search suggests that the proposed technology is novel, enabled 
and non-obvious. A commercialization study is currently underway; initial results identify potential licensees/customers in 
two market sectors (bioremediation and pharmaceutical industry), each totaling »$100M per annum. Following review of 
an ISMA research proposal (R21), the NIH review panel unanimously concluded in their summary statement: "The 
proposed techniques offer huge promise for improving bioremediation efforts." However, the agency would like to see 
more preliminary data before committing to the project. Some concerns raised by the review panel over the genomic and 
proteomic analysis of ISMA samplers have already been addressed in experiments conducted after submission of the NIH 
R21 research grant. Other concerns relating to the feasibility of in situ microbial enrichment may be overcome best by 
producing and testing of an ISMA prototype. Overall, significant progress has been made in developing the ISMA 
technology concept; the prior art search and commercialization study suggest that the technology has broad applicability 
and excellent potential for generating revenues. The JHU Enterprise Development Organization staff shares this opinion 
and continues to support the project. Because the work has progressed much more rapidly than anticipated, available 
funds of the initial TT Seed Grant have been depleted now. The richness of the technology and its revenue potential 
justify the grant renewal requested with this application. New funds in the amount of $25K will be used (1) to produce an 
ISMA prototype according to the computer-assisted design (CAD) specifications contained in the provisional patent 
applications, and (2) to collect a set of performance data at a California Superfund site. Experimental validation of the 
ISMA sampler needs to be completed by the March 2004 deadline in order to ensure successful intellectual property 
protection and the broadest possible patent claims. 



In situ microcosm arrays (ISMAs) are part of an innovative technology designed to facilitate cost-effective and efficient 
environmental monitoring, environmental risk assessment and biological prospecting (bioprospecting) for novel 
microorganisms, enzymes and natural products. The integrated ISMA technology consists of three components that are 
utilized in sequence: (1) deployment of remotely-controlled, submersible, miniaturized test systems (microcosm arrays) 
that facilitate massive, parallel, biochemical testing of natural microbial communities in situ on the microscale, (2) 
automated, robotic analysis of the sampling device following retrieval from the target environment (e.g., groundwater 
monitoring wells, lakes, rivers, and extreme environments such as hot springs, deep sea vents (black smokers) and 
aquatic biodiversity hotspots), and (3) computerized data analysis, data normalization, biochemical rate 
calculation/prediction. 

The ISMA technology was originally conceived for the purpose of bioremediation. However, a recent patent search and 
market analysis suggest that the bioprospecting component of the technology may be even more important with respect to 
profitability and generation of revenue streams. 

The following general description of the technology is now being furnished on the Johns Hopkins Medicine Licensing 
webpage (http://www.hopkinsmedicine.org/lbd/otl/4207.html): For the management of contaminated sites, the risk 
assessment of microorganisms introduced into natural environments, and the search for novel 
microorganisms/enzymes/compounds applicable to biotechnology, a monitoring tool and analysis strategy are disclosed 
allowing for the automated, rapid and simultaneous determination of the following parameters: ( 1) water quality and 
toxicity, (2) intrinsic bioremediation potential, (3) accelerated bioremediation potential following nutrient amendment, (4) 
effective bioaugmentation strategies for environmental cleanup, (5) turnover rates of natural compounds and 
environmental pollutants under natural and enhanced conditions, (6) in situ DNA synthesis and protein expression, (7) in 
situ growth/death rates and metabolic activity of native and introduced biological agents under natural and altered 
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environmental conditions, (8) structure and dynamics of microbial communities indigenous to natural soil and water 
environments, (9) identity and activity of microorganisms of potential value for use in biotechnology. 

Potential commercial uses are identified as follows: The environmental monitoring tool and strategy could be sold as a 
license, product and/or service. The technology can be used to obtain in a one-step process a comprehensive 
assessment of contaminated waste sites based on which treatment strategies can be selected, implemented and then 
monitored, again using the new technology. The invention may be applied to assess the potential risk resulting from the 
release of pathogens and genetically engineered microorganisms into natural environments. In addition, it has potential 
value for discovering microorganisms, enzymes and natural products of relevance for the pharmaceutical industry and the 
biotechnology sector. 

Progress Report 

Funding for this project began six months ago on March 1 , 2003. In this relatively short period of time, the following work 
relating to the invention has been completed: 

1. In collaboration with the JHU Instrumentation Design Group (IDG), computer-assisted design (CAD) drawings and 
specifications were generated as shown in Figure 1-3. 

2. Laboratory data were generated detailing the proteomic detection of microorganisms and specific functional gene 
products in complex mixtures of thousands of proteins (Figures 4 and 5). Figure 4 illustrates the use of MALDI MS 
peptide fingerprinting for the identification of a specific microorganism of interest in the field of bioremediation: 
strain Sphingomonas wittichii RW1, the only bacterium capable of utilizing dibenzo-p-dioxin as the sole source of 
energy and carbon. Figure 5 shows the use of MALDI tandem mass spectrometry for the identification of specific 
enzymes in complex mixtures containing thousands of proteins. In this case, sequencing of the mass at 3036.34 
resulted in the successful detection of the dioxin dioxygenase in crude cell extracts using Mascot database 
searching. In both instances, results were achieved with minimal sample preparation. These analyses can be fully 
automated and performed within a matter of minutes. The work illustrates the feasibility of proteomic analysis of 
ISMA compartments in which specific microorganisms have been enriched using selective nutrient sources. A 
manuscript describing the methods and results is in preparation (Halden and Wisniewski 2003). 

3. Additional laboratory work concentrated on the molecular-genetic characterization of natural microbial 
communities. Results of these studies have been presented at this year's Annual Meeting of the American 
Society for Microbiology in Washington, DC (Franklin, Madrid et al. 2003; Xie, Palmateer Oxenberg et al. 2003). 
These data will serve as a measure of comparison for results to be obtained with the ISMA prototype at the study 
location. Due to space limitations, the complex phylogenetic trees obtained in these studies cannot be reproduced 
here. Instead, the concept of stable isotope probing (SIP) is being presented as a strategy for separating 13 C- 
enriched DNA from non-labeled DNA (Figure 6). This methodology can be exploited to separate DNA and identify 
microorganisms that have taken up specific isotope-labeled compounds contained in the ISMA sampler. 

4. Two research proposals were submitted to DOE and NIH, with the respective content being protected by three 
provisional patent applications (JHU Ref. # 4207): 

a. DOE Natural and Accelerated Bioremediation Research (NABIR) Program. Project title: Automated 
Identification of Uranium-reducting Bacteria Using Sampling Arrays, Stable Isotope Labeling, and 
Molecular-genetics and Proteomics. 

Status: Not funded; resubmission encouraged. Reviewers' comments: Highly innovative approach to the 
identification of environmental microorganisms. Project lacks preliminary data on the proteomic analysis of the 
sampling device; some of the proposed methodologies are not well developed yet. Author's comment: This 
early proposal did not contain the attached CAD drawings and specification. It also lacked preliminary data on 
proteomics. Significant progress has been made in both cases, as illustrated by the results shown in Figs 1-3 
(ISMA design) and Figs 4-5 (proteomic analysis of microorganisms in complex protein mixtures). 

b. NIH Molecular Structure and Function. Project title: Molecular Assessment of VOC Bioremediation 
Potential. 

Status: Funding decision pending; priority score of 242 suggests a negative decision in this review cycle. 
Reviewers' comments: "The proposed techniques offer huge promise for improving bioremediation efforts. 
Reviewers unanimously approved the innovative aspects of this proposal; however, the panel expressed 
concern over the microbiological details." Author's comment: Some of the criticism voiced can be addressed 
using the new data generated after submission of the proposal. Overall, there was a lot of enthusiasm for the 
study in general and the innovative aspects of the proposal in particular. 

5. Frequent meetings and interactions took place with JHU personnel and contractors to explore the 
commercialization of the ISMA technology; individuals involved include Deborah Alper and Renae Speck (JHU 
Licensing and Technology Development Office), Nora Zietz (JHU Enterprise Development Organization), Mark 
Heffernan (Commercialization consultant), and Ruth E. Tyler-Cross (Contracted registered patent agent). 
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Figure 1. 

Schematic showing the in situ 
microcosm array (ISMA) 
suspended in a standard 100-mm 
diameter groundwater monitoring 
well. The device is supported from 
the surface via an umbilical, that 
holds it in place and provides 
power and vacuum for actuation of 
the integrated closure mechanism 
and pump. 



Figure 2. 

In situ microcosm array (ISMA) 
system components. 
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Figur 3. Cutaway view of the closure mechanism and the microcosm array (please refer to the three 
Drovisional patent applications for additional details.) 
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Figure 4. Representative mass spectrum of 
10 8 typs in-digested cells of the dioxin- 
degrading bacterium Sphingomonas wittichii 
RW1. The inset spectrum is deisotoped to 
illustrate the monoisotopic masses 
submitted to the Mascot database. The 
mass at 3036 m/z corresponds to a 
prominent dioxin dioxygenase peptide. The 
peak at 842 m/z is a porcine trypsin 
autolysis product and was used, in part, for 
internal calibration. 



Figure 5. Fragmentation spectrum for the 
mass at 3036 Da. The inserted table 
indicates the fragments detected. The ion 
cutoff value for Sequest-database searching 
limited the masses used and only 15 of the 
highlighted 28 masses were used. B ions 
are generated when the charge is retained 
on the AMerminal side of the fragment while 
Y ions are generated when the charge 
remains with the C-terminal side. These data 
illustrate our ability to detect an enzyme of 
importance to bioremediation with minimal 
sample cleanup in a complex mixture of 
thousands of proteins of one or more 
microorganims. This type of analysis can be 
automated and performed within minutes. 




tm/zS 



#1-10 RT 0 034.M K28ES 



1000 1100 



1B1.9 »34.7 j 



Vl-24 

M77.I 

M-H H1-S7 
2M2Z 3011,4 y1.J7 
]M3».t 



,l 2Baz 2 ; 



2600 MOO 



-r- 



Figure 6. This Figure is taken from Radajewski et al. (2000) and illustrates the use of stable isotope probing for 
separating DNA from microorganisms grown on specific 13 C-labeled compounds of interest. 
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Exploring the uncharted microbial world using microcosm arrays 



Rolf U. Halden, PhD, PE, Johns Hopkins Bloomberg School of Public Health 



Abstract 



More than 99% of environmental microorganisms neither grow nor function in laboratory conditions. The 
present study addresses this challenge by introducing a new research tool for exploring microbial processes 
in saturated media that harbor a large fraction of the uncharted microbial world. The underlying rationale of 
this study is that if the microorganisms do not tolerate the transfer from their natural habitat to the laboratory, 
then the laboratory has to be delivered to the microorganisms. The proposed technology can be broken down 
into three principal steps: (1) deployment of remotely-controlled, submersible, miniaturized test systems 
(microcosm arrays) that facilitate massive, parallel, biochemical testing of microbial communities in their 
natural habitat on a micro-scale, (2) automated, robotic analysis of the sampling devices following 
incubation in the target environment, and (3) computerized data analysis using genomics/proteomics 
database searching. The usefulness of this new research strategy will be assessed in laboratory and field 
experiments concentrating on the biological cleanup of subsurface environments. Specific aims of the 
proposal are to demonstrate that microcosm arrays (a) can serve to actively capture, concentrate and 
selectively enrich microorganisms of interest, and (b) that the device can be analyzed using proteomic tools, 
i.e., mass spectrometric techniques for the rapid analysis of proteins that potentially can reveal both the 
identity of microorganisms (genotype) and the molecular composition of cells (phenotype). Field-testing of 
the microcosm array technology will be conducted at a highly contaminated Superfund site that has been 
characterized previously with state-of-the-art research tools. The new technology potentially will benefit 
both human and environmental health by improving bioremediation design and by accelerating the discovery 
of novel microorganisms, enzymes and metabolic processes. 




Exploring the uncharted microbial world using microcosm arrays 

Rolf U. Halden, PhD, PE, Johns Hopkins Bloomberg School of Public Health 

Introduction. In the second half of the 17th century, Antonie van Leeuwenhoek discovered the 
microbial universe using a primitive microscope. Today— some 350 years later— most of the microscopically 
observable microorganisms (>99%) remain uncultivated and their individual metabolisms obscure. This 
proposal describes a new research strategy that employs in situ microcosm arrays for studying the ecological 
significance of microbes, including those that refuse to grow and function outside of their natural habitat. The 
proposed approach may be exploited to selectively enrich specific members of the microbial community and, by 
use of isotope-labeled substrates, to unambiguously link them to a specific biochemical reaction of interest. 
Although microcosm arrays potentially have broad applicability, this proof-of -principle study will focus on one 
particular use: the biological cleanup (bioremediation) of contaminated groundwater. 

The technology demonstration site— located at DOE Superfund Site 300, CA— is the highly contaminated 
Building 834 Area for which I served as the restoration project leader from 1998 to 2001. This location is 
interesting from a microbiological viewpoint for at least two reasons. First, maximum groundwater 
concentrations of the primary contaminant, trichloroethene (TCE), have historically been close to the point of 
saturation (~1,084 mg/L), thereby creating an unusually challenging environment for indigenous 
microorganisms. Second, TCE was spilled together with tetrakis(2-ethylbutoxy)silane (TKEBS), a silicon-based 
lubricant that can support both the anaerobic and aerobic breakdown of chloroethenes. Previous laboratory 
experiments showed that the four branched alkane side-chains of the water-insoluble TKEBS are released under 
ambient conditions via slow hydrolysis (9). Data from groundwater microcosm studies revealed that the 
liberated 2-ethylbutanol is fermented to 2-ethylbutyrate, acetate and hydrogen (10). Recently, we provided 
additional lab and field data demonstrating that the hydrogen generated during TKEBS fermentation is utilized 
by Dehalobacter restrictus and similar microorganisms performing the reductive dechlorination of TCE to cis- 
dichloroethene (DCE) at the site (8, 10). Interestingly, TKEBS can also serve as a growth substrate for aerobic 
microbes that cooxidize DCE (9). The proposed study will explore the nature of TKEBS -oxidizing microbes 
that may be responsible for the observed loss of DCE from site groundwater. Due to rainwater infiltration and 
soil vapor extraction, local groundwater frequently cycles between aerobic and anaerobic conditions; therefore, 
TKEBS -oxidizing microbes may play an important role in removing the DCE that accumulates as a dead-end 
product of anaerobic TCE dechlorination. 

In order to gain insight into the microbial diversity and phylogeny of this complex subsurface environment, we 
previously conducted culture-independent microbial community analyses on groundwater from eight 
monitoring wells located in a chemical gradient ranging from highly-contaminated to pristine (1, 8). These 
studies made use of DNA extraction, amplification of eubacterial 16S rDNA, denaturing gradient gel 
electrophoresis (DGGE), DNA sequencing and sequence alignment using ARB software. To date, over 400 
DNA sequences have been obtained from the site and analyzed with respect to phylogeny and spatial 
distribution, thereby providing a detailed picture of the microbial community composition (1, 8). However, 
these studies also identified the need for ecological research tools that can link detected microorganisms to 
metabolic activities known to occur in situ; specifically, at this point it is uncertain which of the detected 
microorganisms are partaking in the aerobic turnover of 2-ethylbutanol released during TKEBS hydrolysis. The 
here proposed microcosm array technique could provide answers to this and similar ecological questions. 

Rationale. The underlying rationale of this study is that if the microorganisms cannot survive and/or 
function outside of their natural habitat, then the laboratory has to be delivered to the microorganisms. The 
proposed technology can be broken down into three principal steps: (/) deployment of remotely-controlled, 
submersible, miniaturized test systems (microcosm arrays) that facilitate massive, parallel, biochemical testing 
of microbial communities in their natural habitat on a micro-scale, (fi) partially automated, robotic analysis of 
the sampling devices following incubation in the target environment, and (Hi) computational data analysis using 
genomic/proteomic databases and search engines. The usefulness of this research strategy will be assessed in 
laboratory and field experiments concentrating on the bioremediation of subsurface environments. Specific aims 
of the proposal are to demonstrate (A) that microcosm arrays can serve to actively capture, concentrate and 
selectively enrich microorganisms of interest, and (B) that the use of isotope-labeled test compounds in the 
device can serve to unambiguously link microbial community function to phylogeny. For this purpose, 
microcosm arrays will be analyzed with state-of-the-art genomic techniques (i.e., stable isotope probing; SIP 
(11)) and proteomic tools, i.e., mass spectrometric peptide fingerprinting and peptide sequencing for the rapid 
determination of proteins that can reveal both the identity of microorganisms (genotype) and the molecular 
composition of cells (phenotype). 
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Potential Importance. The new technology is of great interest to the field of bioremediation as it 
potentially can reveal in a one-step process the natural composition of microbial communities and then- 
response to the addition of nutrients and microorganisms for accelerated site cleanup (2). Moreover, the 
selective enrichment of specific microorganisms in individual compartments of the device may function as a 
virtual "protein amplification reaction," similar to the PCR of DNA: it may increase the concentration of 
specific proteins (biomarkers) such that conventional time-intensive genomic analyses may be replaced by rapid 
proteomic techniques for the detection of microbes and enzymes involved in pollutant degradation. Beyond this 
specific bioremediation application, microcosm array technology potentially may benefit human and 
environmental health by accelerating the discovery of novel microorganisms, enzymes and microbial processes. 

Research Approach. The proposed in situ sampling and monitoring tool consists of five major 
components as shown in Fig.l. The centerpiece is the microcosm array, which is based on the standard 96-well- 
microtiter-plate format to allow for fully automated analysis using commercially available robotics. Each 
sampling array holds 96 "capillary microcosms" that can be operated in either batch mode, flow-through mode 
or a combination of the two. The device is small enough to fit into a standard 100-mm monitoring well, where it 
can be deployed below the water table at the desired depth. The built-in closure mechanism and the integrated 
water pump are triggered from the surface via an umbilical tether. Triggering of the device from the surface will 
cause the two valve plates (Fig. 2) to shift and the pump to start, thereby exposing each of the 96 microcosms to 
a constant flow of groundwater. Microorganisms suspended in the groundwater will be forced into the 
capillaries. Each capillary is filled with a filtration material (e.g., inert glass wool plugs or sterilized porous 
aquifer material). The filtration matrix of some capillaries will be amended with test substances that slowly 
diffuse from an inert polymer matrix into the groundwater (e.g., agar beads containing microbial carbon and 
energy sources). Use of isotope labeled test compounds in conjunction with SIP is being proposed to link 
microbial function to phylogeny ((11) and references therein). The device can be operated in flow-through 
mode, with deployment durations being dictated by environmental conditions and in situ growth rates. 
Alternatively, after an initial inoculation period in flow-through mode, the closure mechanism can be activated 
to switch to batch mode, for selectively enriching specific microbial subpopulations and for maximizing the 
uptake and incorporation of isotopes into biomarkers (e.g., DNA, enzymes). The effluent of the various 
capillary microcosms is collected in a bladder at the end of the device, with a check valve preventing backflow 
of liquids. Owing to the presence of the bladder and the unidirectional flow within the device, none of the 
effluent can escape into the surrounding groundwater. For this reason, the device allows one to test the effect of 
various environmental manipulations under in situ conditions without releasing any of the chemical and 
biological agents, or impacting in any way the biology, physics or chemistry of the study location. 

Proof-of-concept studies using the microcosm array technology will be conducted in the laboratory with defined 
mixed cultures of partially or fully sequenced microorganisms that serve as surrogates for more complex 
environmental microbial communities of unknown composition. These experiments will be designed to test the 
ability of the device to capture and concentrate microbes entering the capillary microcosms in a controlled flow 
of simulated groundwater. Parameters to be determined in these experiments include the "capture efficiency" 
for microorganisms suspended in feed water, and the uniformity of loading as a function of capillary position 
within the device. Initially, a single-pump configuration will be tested. If serious clogging or uneven flow 
distribution is being observed, a multi-channel pump configuration will be used as described elsewhere (2). 
Thereafter, uniformly labeled compounds ( l3 C 7 -benzoic acid; 13 C, 2 -dibenzofuran) will be added to some of the 
flow-through microcosm compartments in the form of noble agar beads that are mixed into the filtration 
material (glass wool), and the device will be fed with filtered groundwater containing known quantities of 
microorganisms capable of utilizing these test chemicals as carbon and energy sources (e.g., testing the growth 
of the dioxin-degrading strain Sphingomonas wittichii RW1 on dibenzofuran; see (4, 6) and references therein). 
These experiments will provide initial estimates of inoculation periods and operational strategies (sequential use 
of flow-through and batch modes) suitable for enriching selected microorganisms of interest from complex 
microbial mixed cultures entering the device. The "capture efficiency" and flow uniformity will be determined 
by enumerating microorganisms extracted from individual capillary microcosms on selective media as 
described previously (4-6). Uptake and incorporation of 13 C-labeled compounds in laboratory experiments will 
be determined using proteomic analyses that are faster and less labor-intensive than the use of genomic SIP 
analysis (11) (see preliminary data for details). Reference mass spectra of non-labeled and uniformly labeled 
biomarkers will be obtained from cells grown in controlled conditions (e.g., Figs 3 and 4). 

Finally, the microcosm array will be deployed at the Building 834 Operable Unit at Site 300, CA, to evaluate its 
usefulness in field situations and to assess the possibility of linking microbial phylogeny and function. Field 
tests will be conducted in groundwater monitoring wells for which we already have collected an extensive set of 
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chemical and microbial data (e.g., W-834-D3 and -T5) (8-10). In these experiments, non-labeled and l3 C- 
labeled analogs of TKEBS, 2-ethylbutanol, 2-ethylbutyric acid and acetate (10) will serve to identify bacteria 
involved in the aerobic breakdown of TKEBS, using both proteomic and genomic (SIP) analyses. The biomass 
collected in these experiments may also be tested for its ability to cooxidize chloroethenes (9). 
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Figure 1. In situ microcosm array system components configured for deployment in a monitoring well. 
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limited the masses used, and only 15 of the highlighted 28 
masses were submitted. The data illustrate our ability to 
detect an enzyme of importance to bioremediation with 
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thousands of proteins originating from one or more 
microorganisms. This method is rapid and can be fully 
automated for high-throughput analysis. 
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Workable Extent Addendum, dated 12/7/2003 



A logical extension of the in situ microcosm array technology is its adaptation for 
medical purposes, particularly personalized medicine. For this use, the device will be 
redesigned and significantly reduced in size to reflect a micro-electromechanical system 
(MEMS). Design types would include rigid and flexible microcosm array assemblies 
including a small pump or flow equalizer, an inlet for bodily fluids (blood or other), a 
manifold for distribution of the liquid, a number of compartments that can be operated in 
flow-through or batch mode, and one or multiple effluent containers for capturing the 
combined or separate effluents of the various compartments. The compartments can be 
outfitted with slow-release sorbents/pads from which active ingredients can freely diffuse 
into the (blood) stream. Alternatively or in addition, the compartments can be outfitted 
with small quantities of healthy or pathologic cell tissue, e.g., tumor tissue obtained from 
biopsies. The entire device can be thermally insulated on one side (facing outward away 
from the patient) and optimized for heat transfer on the other side (skin contact) through 
selection of appropriate manufacturing materials. The MEMS is connected to the 
patient's bodily fluid system via an IV or catheter and is strapped or otherwise fastened to 
the patient's body to reflect as closely as possible the body core temperature. In this way, 
the device can be used to screen the efficacy of different drugs at various doses in the 
patient's blood stream without exposing the individual to the compounds tested. In 
addition, the device can serve to monitor the patient's response to medication and can 
serve to study the behavior of tumor cells in response to the treatment as well as any 
adverse reactions of other cell materials that can be included in the device. Analysis of 
the device can be done by a number of techniques including physical, chemical, and 
biochemical analyses as well as genomic and proteomic tests as specified previously. 




INVENTION DESCRIPTION 

Describe the invention completely, using the outline given below. 



1. Abstract of the Invention [Briefly describe the invention] 

A new tool has been devised for the environmental monitoring of biodiversity and biochemical functions, and for 
studying the environmental fate of non-native, introduced microorganisms. The tool is made from an inert material 
and contains a large number of compartments (tens to thousands) designed for capturing microorganisms in their 
natural environment and for deterrnining their biochemical potential and activities in situ. The compartments of the 
tool serve as biochemical test vessels. Each compartment contains test substances (organic or inorganic) that may 
be labeled with isotopes for uptake by or binding to metabolically active microorganisms. The tool is used by 
exposing the individual test compartments of the device to the matrix of interest (e.g., submerging the device in 
groundwater) and by incubating it in situ prior to analysis. Typical test compounds are environmental pollutants, 
electron donor/acceptor compounds, as well as microbial carbon sources and energy sources. The device may also 
be amended with bacteria/spores/ viruses and protozoa to determine their survival in the environment and to 
measure any change they may cause, including ecological effects. Following incubation in the test environment, the 
tool is analyzed for marker compounds (e.g., 16S rDNA, 13 C-labeled DNA, ribosomal proteins, etc.) that are 
characteristic for the trapped indigenous microorganisms. Analysis of isotope-enriched markers allows for 
identifying metabolically active microorganisms. Additional analyses can be performed on the environmental 
sample and/or on the inner surfaces of the tool in order to determine biofilm composition and microbially-induced 
change. These analyses provide both a picture of the microbial community and a corresponding rate of chemical, 
biochemical and/or physical change. Computational analysis of the multiple community profiles and corresponding 
rates of change (by e.g., subtractive profiling) can be used to link observed functions to specific microbial 
community members. This technology is novel in that it combines automated biochemical in situ screening, use of 
isotopes, in situ sampling and incubation, as well as culture-independent microbial community analysis. It can serve 
to link observed reactions/activities to distinct members of complex microbial communities. It can be exploited in 
the environmental monitoring of cleanup sites and in biodiversity prospecting etc. When used to forecast reactions 
rates in altered environments, systematic biases may occur in the form of "bottle effects" but can be accounted for 
by standardizing the analysis, and by using algori thms that correct measured rates for biases via interpretation of 
databases containing pairs of predicted and actual rates measured following environmental manipulations (e.g., 
nutrient and oxygen addition). The device also may be applied in bioaugmentation studies and in assessing the 
environmental survival and impact, as well as the risk posed by introduced non-native microorganisms. 



2. Problem Solved [Describe the problem solved by this invention] 

The new tool and analysis strategy allows one to determine the microbial community structure of complex 
environmental mixed cultures, as well as to link an observed chemical, biochemical and/or physical change to a 
particular microorganism. Due to the incubation of the tool in situ, rates determined with the device are expected to 
closely mirror actual rates currently or potentially occurring in situ. The use of isotopes in conjunction with 
molecular-genetic and/or proteomic analysis techniques allows one to distinguish dead and dormant 
ntiox>organisms from metabolically active ones (only viable cells will incorporate the label into biomarkers). 
Parallel testing of effects caused by various environmental parameters (e.g., type and concentration of added 
nutrients/ntixtures/rmcroorganisms) allows one to deduce which of the metabolically active microorganisms are 
responsible for an observed change. This has important imphcation for the design and monitoring of 
bioremediation strategies, e.g. bioimmobilizaiton of uranium by bacteria. Taken together, these characteristics of 
the new technology provide a hitherto unattained level of discriminatory power that will enable one to selectively 
enrich for and identify novel microorganisms and microbial functions. This is of great importance for the cleanup 
(bioremediation) of contaminated sites and for the biological prospecting for novel miaxKDrganisrns. Furthermore, 
the technology can be used for assessing the survival and metabolic activity of foreign species in natural 

environments, which is of importance to public health. 
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4 Detailed Description of the invention: 

following as necessary: 

Please refer to the attached two gran, proposals and one abstract, taken from a letter of intent sen, in response to a 

request for proposals. 

1- data pertaining to the invention; 

2- drawings or photographs illustrating the invention; 

3- structural formulae if a chemical; 

4- procedural steps if a process 

5- a description of any prototype or working model; 

In general, a manuscript that has b«n prepared for submission to a journal will satisfy mis requirement- 
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5 Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, breadth of 
substituents, derivatives, salts etc., if DNA or other biological material, describe modifications that are expected to 
be operable, if a machine or device, describe operational parameters of the device or a component thereof, 
including alternative structures for performing the various functions of the machine or device] 

The proposed technology has a broad workable extent Microfluidics and closure mechanisms may be integrated 
into the sampler to separate in time the inoculation of the device (pumps on; closure in open position) from the 
incubation period that allows chemical change to take place within the sampler's microenyironments (pumps off; 
device closed). Central facilities may be used for analyzing samplers deployed m situ. This will allow for 
automated analysis and a for high degree of standardization. Standardized analysis in turn will allow one to 
determine the systematic biases of the technique (due to "bottle effects"); once identified, these biases can be 
accounted and corrected for when predicting environmental change caused by engineering interventions. For 
bioremediation purposes, this would entail the development of databases that record predicted biotransformation 
rates and rates actually observed in situ. The format of the tool allows for automated analysis. Speed and ease of 
analysis may be achieved by replacing molecular-genetic analysis with other more convenient measurement 
techniques suitable for discerning isotope distributions (e.g., use of MALDI TOFmass spectrometry for automated 
microorganism identification). 

The device also may be adapted for studying the fate of either beneficial or hazardous biological agents in natural 
environments. This work would require the device to be outfitted with a semi-permeable membrane allowing for 
interaction of the test species with the environment without allowing for its release. 



6. References [Please list the closest and most relevant journal citations, patents, general knowledge or other 
public information related to the invention] 

Geyer, R., A. D. Peacock, Y.-J. Chang, Y.-D. Can, and D. C. White. 2002. Presented at the 2002 NABIR PI Conference, 
Arlie VA Down-Well Microcosm "Bug Traps" and Subsurface Sediments for Rapid expanded-Lipid-Biomarker Analysis and 
DNA Recovery for Monitoring BioremediationMicrobial-Community Ecology within Samples from Uranium-Contaminated 
Sites. In 2002 NABIR PI Conference. 2002. Arlie, VA. 
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Automated Identification of Uranium-reducing Bacteria Using Sampling Arrays, Stable 
Isotope Labeling and Molecular-Genetics and Proteomics Analyses 



1 Abstract 



This proposal describes a new strategy ■ allowing for the comprehensive and fully 

automated assessment of bioremediation potential at i sites containing uranium and other 
contaminants. The proposed robotic-ready in situ bioremediation array (ISBA) is a solid-phase 
sampling device that is deployed via lowering into the monitoring well where, over time, it will 
be colonized by indigenous microorganisms. Each sampler contains an array of vials or 
"microenvironraents" suitable for the selective enrichment of microorganisms and the 
determination of their metabolic activities in situ under differing environmental conditions. It is 
hypothesized that: (A) microbial community data obtained with a basic ISBA sampler are 
comparable to those obtained by the analysis of conventional groundwater samples; (B) 
integration of electron donors and electron acceptors into the ISBA sampler aids in the 
identification of uranium-reducing microorganisms, enhances the sensitivity and selectivity of 
molecular-genetic microbial community profiling, and also provides predictive capabilities, as it 
conveniently allows for the in situ screening of multiple subsurface amendment strategies; (C) 
integration of stable isotope-labeled electron donor compounds into the ISBA sampler aids m the 
identification of metabolically active microorganisms; (D) mass spectrometry analysis of 
ribosomal proteins contained in microorganisms collected on the ISBA sampler can be used to 
identify microorganisms in environmental mixed cultures; and (E) routine identification of 
metal-reducing microorganisms can be accomplished using custom-made database software. 

The project commences with the development of ISBA prototypes and their evaluation in 
laboratory microcosms and in the field (FRC, UMTRA, LLNL, APG). The 16S rDNA of 
microorganisms will be amplified from crude DNA extracts obtained from the moiyidual 
sampling compartments and analyzed by denaturing gradient gel electrophoresis (DGGE). DNA 
bands of interest will be sequenced and aligned for phylogenetic analysis using the software 
package ARB. Microbial community profiles generated with the ISBA sampler will be compared 
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to those obtained using alternative sampling techniques {e.g., groundwater filtration and other 
solid-phase samplers). Following validation of the basic ISBA sampling strategy, we will 
investigate whether electron donor and acceptor compounds integrated in and diffusing from the 
sampler can be used to selectively enrich uranium-reducing microorganisms that then can be 
detected more readily. These tests will include the use of carbon-13 labeled acetate. High- 
density, l3 C-labeled DNA of microorganisms that have taken up this carbon and energy source in 
situ will be separated from non-labeled DNA by cesium-chloride/ethidium-bromide gradient 
density centrifugation for the purpose of identifying and differentiating metabolically active 
microorganisms from inactive ones. 

Additional studies will explore the use of matrix assisted laser desorption time-of-flight mass 
spectrometry (MALDI-TOF MS) for the fully automated analysis of ISBA samplers, targeting 
ribosomal proteins as genus/strain/species-specific biomarkers. This work will commence with 
the extraction and mass-spectrometric identification of ribosomal proteins from pure cultures. 
Next, we will analyze defined mixed cultures of metal-reducing bacteria anS will modify our 
existing algorithms and statistical models to account for the signal suppression and the 
complexity that is likely to be observed in protein mixtures. Then, we will spike known 
quantities of target microorganisms into uncharacterized environmental samples to determine the 
sensitivity, selectivity, and robustness of our method. Finally, we will demonstrate the fully 
automated analysis of a microtiter-plate-based ISBA. For the interpretation of these experiments, 
molecular-genetic analyses conducted in parallel will serve as benchmarks. Anticipated results of 
the proposed work include the identification of uranium-reducing microorganisms at ' field 
sites, the adaptation and automation of mass-spectrometric techniques for the analysis of 
microbial mixed cultures, and the launch of a web-based microbial identification database with 
accompanying freeware. 



2 Introduction 

Bioremediation is an effective, yet inexpensive biotechnology for removing organic and 
inorganic pollutants from contaminated environments (14). When targeting dissolved metals and 
radionuclides, the goal is to convert water-soluble, toxic species to insoluble, less toxic daughter 
products (23). For example, uranium may be removed from contaminated groundwater and 
immobilized in the subsurface via the injection of carbon sources that stimulate the microbially 
induced precipitation of dissolved U(VI) in the form of insoluble U(TV) (23). In this case, the 
contaminant is being treated "in place" and the process is being referred to as in situ 
bioremediation. 

When designing in situ bioremediation strategies, it is essential to gain an understanding of the 
type, activity, and nutritional requirements of subsurface microbial communities present at a 
specific cleanup site (26). Microbial community information also is important for convincing _ 
regulatory agencies and stakeholders that the contaminant is being removed (or, in the case of 
metals, successfully immobilized in the subsurface) rather than being diluted or dispersed m 
groundwater. 
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Currently, the assessment of bioremediation potential at a given site is both labor- and cost- 
intensive. A typical approach for implementing bioremediation includes the following two steps: 

(1) Microcosm screening studies conducted in the laboratory to determine the extent of intrinsic 
bioremediation and to identify the type, quantity and frequency of carbon source injection 
that may be needed in order to accelerate the in situ bioremediation process. These 
experiments also serve to estimate contaminant removal rates but do not accurately reflect 
actual in situ removal rates due to the biases introduced by "bottle effects." 

(2) Microbial community profiles are obtained from microcosm and field samples to determine 
the microorganisms responsible for the desired biotransformation reactions. Since most 
microorganisms fail to grow on laboratory media, culture-independent profiling techniques 
are commonly used, e.g., 16S rDNA-based analyses. 

•a 

This proposal describes a new technology that prom ises to accomplish bothftf the above tasks in 
a one-step process, potentially yielding superior resu lts bv providing more detailed information 
of higher accuracy obtained more rapidly and, due to automation, at a po tentially lower cost. The 
fully developed technology will yield information on what types of organisms are present which 
are alive and metabolicallv active, what type of nutrients and n utrient dosages should be used to 
accelerate bioremediation. and what in situ bioremediatio n rates would result, 

2. 1 The challenge of detecting and identifying metabolically-active uranium-reducing bacteria 

The immobilization of uranium can be performed by a number of microorganisms. Some of 
these gain energy in the process, some reduce uranium direcdy in a fortuitous side reaction, and a 
third group may reduce the radionuclide indirectly via the excretion of waste products, e.g., 
hydrogen sulfide (see (24) and references therein). Assessing the actual in situ uranium-reduction 
activity of metal-reducing bacteria is challenging, however. Obligate uranium-reducing bacteria 
representing "reporter organisms" are not known and may not exist Metal-and sulfate-reducing 
bacteria having uranium-reduction potential are ubiquitous in subsurface environments, due to 
the great abundance of metals and sulfate in the Earth's crust (23). Therefore, a subset of these 
should be detectable at all sites supporting microbial life. Thus, probing for metal-reducing 
bacteria with highly sensitive and selective molecular tools [e.g., the polymerase chain reaction, 
PCR) has limited value, as it only will confirm the expected presence of some of these organisms 
in a given location. On the other hand, use of less selective tools (e.g., 16S rRNA gene 
amplification followed by DGGE) identifies only the most abundant microbial species, and thus 
most likely will not include potential uranium reducers. Overgrowth by other microorganisms 
also is expected to occur at sites where carbon and energy sources are introduced into the _ 
subsurface to effect anaerobiosis and accelerated uranium reduction. In these situations, 
fermenting microbes and those utilizing dissolved oxygen, nitrate and other abundant electron 
acceptors are likely to eclipse the potentially small number of uranium-reducing microorganisms 
(47). 

Another challenge is that the detection of 16S rDNA sequences in environmental samples does 
not necessarily imply any of the following: (a) the population of the corresponding 
microorganism is present, (b) it is physically intact, (c) it is viable, (d) it is metabolically active 
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and (e) it is performing the desired function. Indeed, in field situations it is possible that a 
specific type of microorganisms can cause a chemical change first observed in a sampling 
location where neither these microbes nor their DNA is present This will be the case in 
heterogeneous subsurface environments where the monitoring well is downstream of the area 
where the relevant microorganisms reside. Thus, using conventional sampling techniques, spatial 
factors and limitations in the monitoring network may make it impossible to accurately link an 
observed chemical change to the responsible microorganism at a given monitoring location. 

Finally, groundwater is the preferred sample matrix for profiling of microbial communities (26), 
as it is both readily available and inexpensive. Unfortunately, the lifestyle of a given target 
organism has a significant impact on our ability to detect it in this matrix. In the extreme, a 
target organism pursuing a sessile lifestyle throughout its existence will be impossible to detect 
in groundwater at a site even if it is present at extremely high densities. Thus, groundwater 
monitoring alone may not accurately reflect the microbial community composition and dynamics 
of subsurface environments. Recently, solid-phase samplers were rediscovered as useful tools for 
overcoming some of these limitations (13). 

2. 2 Use of solid-phase samplers for biological monitoring 

In their simplest configuration, solid-phase samplers are nothing more than a physical surface 
incubated in an environment of interest for a period of time sufficiently long to allow for the 
colonization by microorganisms. Buried or submerged glass slides have been used extensively to 
collect microorganisms from soils, bioreactors and other environments (e.g., (20)). 

• • - , reported on the use glass wool as a 

passive sampling device (13); the material was lowered into groundwater monitoring wells 
where it passively collected microorganisms over time. Following retrieval of the tool, 
microorganisms were extracted from the "bug traps" and identified via the detection of 
biomarkers including DNA,j)hospholipids, fatty acids and respiratory quinones (13). An 
argument can be made mat microorganisms collected with a solid-phase sampler are more 
representative of the metabolically active microbial community than those obtained by 
groundwater sampling because the sampling device requires the active physical attachment by 
the microorganisms to be captured. However, dead microorganisms, cell debris and DNA also 
may become entrapped. Highly sensitive tools (e.g, the PCR) can detect biomarkers of in non- 
living material as well as those of metabolically active microbial community members. Very 
recently, a novel approach was introduced that exploits stable-isotope markers to distinguish 
metabolically active microorganisms from those being dormant or non-viable. This promising 
technique has not yet been used with solid-phase samplers. 

2.3 Use of isotope-labeled substrates for linking observed metabolic activities to specific 
microorganisms 

Stable isotope probing (SEP) exploits the feet that the DNA of an organism growing on carbon- 
13 enriched carbon sources becomes l3 C-labeled ("heavier"), thereby enabling one to resolve its 
DNA from the total community DNA by density gradient centrifugation. The approach was used 
successfully for the study of memanol-utilizing bacteria in soil (28, 34, 35). The soil of interest 
was incubated with l3 C-labeled methanol, the genomic DNA was extracted and spun down in a 



gradient of cesium chloride to separate the "heavy" ( 13 C-labeled) DNA from "light" DNA 
containing primarily 12 C. (A small fraction of l3 C also is present in "light DNA" as a result of the 
natural distribution of this isotope in the biosphere). While representing a powerful research tool, 
stable isotope probing has limited potential for being applied for routine monitoring at DOE 
facilities, however, the technique is too time- and labor-intensive. In addition, it may be 
impossible to automate. An alternative approach for the identification of microorganisms is to 
look for gene expression products (Le., proteins) rather than for their characteristic DNA 
sequences. This can be done with the latest generation of mass-spectrometry instrumentation that 
offers sufficient speed and sensitivity, while also allowing for complete automation of the 
analysis process. 

2. 4 The role of mass spectrometry for microbial identification 

Matrix assisted laser desorption ionization (MALDI) time-of-flight (TOF) mass 
spectrometry (MS), with its ability to induce desorption of protein biomarkers from intact 
bacteria, fungi, spores and viruses, is a powerful and rapidly emerging technology for fast, 
portable and robust microorganism identification (10). Initially developed for biodefense 
applications, this technology clearly also has great potential for environmental monitoring 
purposes. MALDI-TOF-MS techniques are very rapid (<5 minutes analysis time per sample), 
have low sample volume requirements (< 1 ml) and have a generic capability to identify 
microorganisms. The literature (10) indicates that between 5,000 to 10,000 cells need to be 
present on the sample holder to achieve successful detection. Two recent reviews elaborate on 
the strengths of this technology and provide an outlook on future applications (10, 21). 

2. 5 Automation of analysis 

Robotic devices have been integrated with MALDI-TOF instruments to an astonishing degree. 
The latest generation of commercially available robotics allows for the fully automated sample 
preparation and analysis, including preparation and imaging of 2D gels, harvesting and digestion 
of the protein spots, and application of the digests to multi-sample MALDI-TOF targets for 
analysis (22). 

This proposal seeks to integrate the above technologies with the goal of providing an innovative 
strategy for identifying uranium-reducing bacteria in complex microbial communities present at 
field sites. In the following section, a selected set of preliminary data is being presented to 
summarize the progress made so far, and to show th at our multi-disciplinary research team is 
both well positioned and qualified to carrv out the proposed work. 




3.3 Microbial community analysis of the uranium-contaminated LLNL Site 300 

we have obtained a comprehensive spatial dataset on the 
microbial community structure of LLNL Site 300. We have extracted the microbial community 
DNA from the monitoring wells at LLNL Site 300 using the methods described m section 5 of 
the research plan. The obtained crude DNA was amplified with the DGGE 16S rDNA 
primers ((42); see section 52) and resolved using DGGE (Figure 2). DNA was excised from 
DGGE gels, sequenced and the DNA sequences put into in phylogenerac dendrograms created 
with the ARB package. These community data (Figure 1 ; (12)) complement and expand our _ 
previous work, focusing on 16S rDNA and 16S-23S intergenic spacer region sequences obtained 
from the Building 834 Operable Unit at Site 300 (26). In the meantime our collaborators at 
LLNL — the Madrid/Taffet hydrogeology team-have implemented a field test for uranium 
immobilization at the Pit 7 Complex at Site 300. This location is nearby the previously 
characterized Building 834 Operable Unit (Figure 3), thereby presenting us with an opportunity 
to exploit our knowledge of the local microbial community for the proposed study. The 
paragraph below provides some background information on ongoing work at LLNL and how it 
will be linked to the work contained in the research plan (section 5). 

The LLNL Pit 7 Complex contains three unlined landfills that have released depleted uranium to 
groundwater. The majority of the uranium contamination occurs in a narrow alluvial channel fill 
aquifer that is a maximumof 25 ft deep. Maximum dissolved uranium concen^Uons m al uvial 
groundwater are about 270 ppb. Sorption of dissolved uranium to hydroxyapaUte (CajffO^OH) 
has been proposed as a suitable technique for passive in situ removal of uranium from 
groundwater at the site. To test the effectiveness of this technique, during early 2003, LLNL 
installed about 3.5 tons of cow bone char in 10 fully-penetrating boreholes within the alluvium. 
The cow bone char was mixed with sand (40:60 ratio by volume) to maintain permeability. 
LLNL is currently monitoring groundwater chemistry in wells up- and downgradient of the 
emplacement to define the effects on uranium distribution. We intend to deploy our samplers 
upstream and downstream of the remediation zone to evaluate the sampling device and to detect 
possible shifts in the microbial community structure. An overview of the study area is provided 
in Figure 4. 

3.4 Mass spectrometry identification of microorganisms 

3 4 1 Preliminary results for the detection of intact microorganisms by MALDI TOF MS 
In the following, we describe a microorganism identification method based on the detection of 
ribosomal proteins in mass spectra of intact cells (31). The ribosomal method was proposed and 
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developed by Dr. Pineda and his team at the Johns Hopkins Applied Physics Laboratory and is 
based on a proposal by Dr. Plamen Demirev et al. (8) to use proteins in genomic databases as 
biomarkers. This method motivates the mass spectrometry approach proposed in the research 
plan below. Experiments conducted'by Dr. Pineda's team showed that with an optimal 
measurement protocol (positive-ion mode & sinapinic acid matrix), a simple model of 
biomarkers based on ribosomal proteins and N-terminal methionine loss, incorporated into a 
multiple hypothesis test framework, could be used to readily identify pure samples with 100% 
accuracy from a small database of microorganisms (18 fully sequenced microorganisms and 38 
microorganisms total). No false identifications were found. Moreover, a statistical analysis of the 
results revealed that a high level of performance could be expected even from databases having 
as many as 1,000 microorganisms, with no additional false identifications. 

Demirev et al. (8) showed that the method was surprisingly robust with respect to sample 
preparation. In particular, we found that it performed nearly as well, (92-95% correct 
identification rate) when we induced mass spectral variability by using suboptimal experimental 
protocols. The two false identifications that occurred with suboptimal protocols, were associated 
with incompletely sequenced microorganisms. Restricted the database to fully sequenced 
genomes would eliminated incorrect identifications. Finally, Dr. Pineda has recently developed a 
new on-line database to support microorganism identification by intact-cell MALDI-TOF and 
ribosomal protein identification (see (30), and Table 1) 

To summarize, bv exploiting minimal kn o wl^e of molecular microbiology, we created a 
surprisingly robust and accurate system for identifying intact cells from mass spectra of mtact 
proteins. The performance of this approach was comparable to identification by mass spectral 
fingerprint methods. 



3.4.2 Preliminary results for the detection of ribosomal biomarkers by MALDI TOF MS 

Here we summarize the ribosomal protein identification method developed by Dr. Pineda's team. 
In previous studies, ribosomal proteins were used as biomarker to identify microorganisms by 
MALDI TOF MS. The method depends on the observation that ribosomal proteins are highly 
abundant, fly well in mass spectrometers, and are sufficiently distinct in molecular mass and 
peptide sequence (Table 2). In E. coli, for example approximately 21% of the cell's protein 
content resides in just fifty-six ribosomal proteins (see Figure 5). Not surprisingly, these proteins 
are commonly observed in mass spectra of "intact cells" (intact cells are lysed upon addition of 
matrix). Demirev et al. determined that accounting for potential ^-terminal methinine loss, could 
improve statistical significance (p-values) by an order of magnitude (7). Therefore, to correctly 
calculate the mass of ribosomal proteins from their sequences, it is necessary to model N- 
terminal methionine loss. This is done by in silico cleaving the ^-terminal methionine in each 
protein according to probabilities detailed by Hirel (16). 

The database used in the study was constructed from the combined SWISSPROT and TrEMBL 
databases (SWISSPROT Release 39.7 of 02-Oct-2000 and TrEMBL Release 14.17 of 01-Oct- 
2000) Protein fragments were excluded from consideration, as were sequences that contain 



ambiguous residues (Le., "amino acids" B, X, or Z). The mass of each ribosomal protein was 
calculated from its appropriately post-translationally modified sequence. 

The ribosomal method was validated with a blind study. The database used in the blind study had 
38 candidate microorganisms, but only 18 of these had 20 or more ribosomal proteins in the 
requisite mass range and were thus considered identifiable (Currently Dr. Pineda's database has 
over 70 identifiable microorganisms). 

To identify an unknown microorganism from its mass spectrum, a list of experimentally derived 
masses was compared to the ribosomal biomarker mass lists of the microorganisms in the 
database. The significance of identifications was scored with p-values based on a model of how 
false matches between mass spectral peaks and biomarkers are distributed (32). P-values 
represent the likelihood of accidentally getting the observed number of matches between mass 
spectral peaks and proteins in a proteome. The identification algorithm selects the 
microorganism with the smallest p-vahie, provided the smallest p-value is less than a Bonferroni 
corrected (17) threshold p-value of the form (1-J)/N which accounts for the number of 
microorganisms in the database (N), and the desired confidence level (/). The algorithm makes 
no identification if no microorganism in the database has any ^-values below this threshold. 

The blind study sought to identify 5 microorganisms (B. subtilis, E. coli, P. aeruginosa, H. 
influenzae and B. stearothermophilus). These microorganisms had 20 or more ribosomal 
biomarkers in the designated mass range (4 to 13 kDa). To test the identification performance as 
a function of the number of biomarkers, two microorganisms (5. typhimurium and M. luteus) 
with less than 10 biomarkers each were included. One negative control also was included (A. 
cloacoa, a microorganism with no biomarkers in the database). To grow the microorganisms we 
used standard protocols appropriate for each microorganism were used (31). Although optimal 
conditions for identification from intact cells have already been established (e.g., positive-ion 
mode & sinapinic acid) (36^(10), experimental mass spectra were generated under four different 
conditions to simulate mass spectral variability. In particular, two different acidic matrices 
(sinapinic acid and a-cyano-4-hydroxycinnamic acid) and two different ionization modes were 
used. Mass spectral analysis was performed with a Kratos Kompact MALDI Discovery 
instrument equipped with a 337-nm N2 laser. Mass spectral peak masses and amplitudes were 
computed using the bundled Kompact software from Kratos Analytical Ltd. Internal mass 
calibration was performed using the singly and doubly charged ions of equine cytochrome c. The 
singly and doubly charged calibrant ions were eliminated from the peak lists. Figure 6 shows 
typical mass spectra for B. stearothermophilus with four different sample preparations. Peaks 
that match B. stearothermophilus ribosomal proteins are indicated with triangles. 

Classification results from the blind study are summarized in Table 3. Under optimized 
conditions, perfect classification was obtained (sinipinic acid and positive-ion mode). 

In the robustness tests, positive ion mode yielded the best results with a 98% detection rate vs 
92% for negative ion mode, at the 95% confidence level. The bulk of the p-values used for 
correct identifications range between 10* 4 and 10" 12 . These are well separated from the /rvalues 
associated with incorrect identifications (see Figure 7, below). The best separation is obtained 
with sinapinic acid in positive-ion mode. Separation of the p-values was sufficiently good with 



61 



V 



the optimal protocol such that perfect identification could have been achieve even on a database 
with 1,000 microorganisms (30). 

3 .4.2. 1 Strain identification 

The ability to distinguish strains in pure samples, with the intact-cell/intact-protein approach (7), 
was demonstrated with an early version of the database, using H. pylori as a model species. In 
particular, it was demonstrated that strain 26695 (obtained from ATCC) could be distinguished 
from strain J99. A subsequent reanalysis with a more recent version of the database improved the 
ability to distinguish the two strains by two orders of magnitude (as indicate by the p-value). The 
improvement was due to the reduction in false matches that occurred when the database was 
restricted to ribosomal protein biomarkers. 

3.4.3 Rapid identification of microorganisms based on proteolytic digestion 

Recently, a team at the University of Maryland demonstrated a novel approach for the rapid 
identification of viruses (48) (or other organisms having a limited number of potential 
biomarkers, e.g:, spores). Experimentally, a sample of intact virus was digested for a short time 
(< 5 minutes) with a selective protease, e.g. y trypsin. The digestion products were subsequently 
analyzed by MALDI-TOF mass spectrometry, without fractionation or purification. The 
bioinformatics strategy generalizes the usual approach of identifying a protein from its signature 
of proteolytic fragments. In this case, the signature of proteolytic fragments is formed from a 
mixture of proteins that characterize the microorganism. Proof-of-concept results were obtained 
by identifying the Sindbis virus from a database containing approximately 5,000 fragments from 
six viral proteomes. We believe that this same approach can be extended to more complex 
microorganisms provided the ribosomal protein content of the sample is enriched so as to reduce 
the density of mass spectral peaks and the corresponding likelihood of false matches. 

Given the sum of the data presented in section 3, it is evident that ribosomal biomarkers hold 
great potential for the identification of microorganisms. Whereas identification of bacteria by 
mass spectral fingerprints is highly dependent on the culture conditions used to grow the cells, 
ribosomes make for a better target as they are present in all viable cells at significant 
concentrations. 

Thus, based on our preliminary data we propose five hypotheses to be tested by focusing on the 
six specific aims listed below. 



5 Research Plan 



5 7, - - • Design, assemblage and deployment oflSBA prototypes in microcosms 

and in the field 

The ISBA prototypes will be based on commercially available 96-position (8x12) deep-well 
microtiter plates (Wheaton Scientific Products, www.wheatonscixoin/html/MicrotiterJitml). 
Each well or "microenvironment" of the sampler will consist of a borosilicate glass vial (1.5 mL; 
9x44 mm). Deployed vials either will be empty (for passive collection of bacteria on the glass 
surface), or they will be filled partially with a matrix (e.g, Noble agar, 0.5-2%) or an alternative 
material (e.g., microscopic beads) offering a large surface area and facilitating the slow release 
of test compounds in various combinations and at differing concentrations. Some vials will 
contain the matrix only to determine its influence on the formation and composition of biofilms. 
For simplicity, initial experiments will be co n victed with individual glass-coriical-bottom vials 
rather than with the whole microtiter plate. T his will allow us to deploy the sampler m small- 
diameter boreholes and it also will prevent / minimize cross-contamination between the different 
"microenvironments" created hv the sampler i n *Uu (The potential cross-contamination issue will 
be addressed separately as discussed lateri. A H prototypes will he deployed in sets of replicates 
that are spatially separated. This will be done by tying sets of identical test vials to a string and 
by lowering this apparatus into the monitoring well, with each set being separated from the next 
by a minimum of six inches in depth; following deployment, the vials will be retrieved by using 
the string. This deployment strategy for solid-phase samplers has previously been used by our 
collaborators (13). A list of initial test compounds to be screened with ISBA prototypes is given 
in Table 4; the list may be expanded based on the particular experiments planned at the field sites 
during our study. All compounds and mixtures will be tested in a concentration range spanning 
about five orders of magnitude {e.g., 1, 10, 100, 1000, 10,000 ppm ( w*>; see Table 4 for details). 
All experiments will be carried out in at least three replicates. For individual assays, additional 
vials may be used and pooled for analysis to increase both the yield of DNA/protein and the 
sensitivity of the assay. The optimal length of in situ incubation time will be determined 
experimentally. 

For off-campus 

experiments, glass vials and ISBA arrays win oe preparcu and shipped overnight on "blue ice]' to 
our collaborators for deployment in microcosms and in the field. For regulatory reasons, uranium 
may not be a viable test compound in field situations. In these instances, the radionuclide will be 
replaced with iron, whose presence also should foster the enrichment of potential uranium 
reducers (e.g., (25)). In samplers containing pairs of electron donor and acceptor compounds we 
will take into consideration the stoichiometry of the respective biochemical reaction. Research 
groups that agreed to test the sampling device include the Krumholz/Istok team at the FRC, the 
White/Long team at UMTRA sites and the MadridVTaffet team at LLNL Site 300, CA. 
Additional ISBA prototypes will be deployed in microcosms studies to be conducted with APG 
sediment by the Bouwer/Ball research team as mentioned earlier. The location of deployment is 
not really critical when evaluating the ISBA analysis technique. Therefore, we wiU select and 
prioritize deployment locations with input from Dave Watson and other DOE staff members; 
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however, we expect to benefit from our prior previously collected information on the microbial 
community composition at the various field sites. Potential field sites and literature reporting on 
their corresponding microbial communities are as follows: FRC (13), UMTRA sites (5), LLNL 
Site 300 (12, 26) and APG (47). By integrating the ISBA sampler into on-going field and 
laboratory experiments at these selected DOE facilities, we will be able to compare our results to 
those obtained by other sampling techniques (see section 5.2 for details). 

5.2 Task 2. w : Analysis of samples obtained by various sampling techniques from 

identical locations in order to determine the value of ISBAs for microbial community 
analysis 

Crude DNA will be extracted from the three different sampling scenarios, the "bug trap," 
groundwater filtrate and the sample array. The DNA extractions will be variations on the 
alkaline lysis method described by Schauer (38) depending on the individual situation. The 16S 
rDNA will be amplified from the crude DNA according to Teske (42) and the resultant amplified 
DNA compared using denaturant gradient gel electrophoresis (DGGE) (37). These same 
methods will also be implemented to analyze the microbial colonization of the (control) vials 
* containing the available growth surfaces of glass, Noble agar (Difco, MD) and Noble agar plus a 
carbon source. 

This technique has been widely used to determine the genetic diversity of natural microbial 
communities (37), in this case we are using it to analyze the influence of our sampling methods 
on the obtained picture of the natural community. Some bands will be extracted from the DGGE 
analysis for sequencing in order to validate the process (see section 5.4). 

In order to minimize experimental bias introduced by the biomarker extraction protocol, we will 
coordinate the sample processing with our collaborators. For the work with Dr. White's group, 
we are planning to integrate "Janet" (Y.-J.) Chang (5) into our studies to perform biomarker 
extractions as a team and analyze extract splits ( l5 C/ I3 C DNA), respectively, by conventional 
DGGE (5) in Dr. White's laboratory and by a combination of density centrifugation/DGGE 
analysis for separation of labeled DNA in Dr. Halden's laboratory as described below (see Dr. 
White's letter of collaboration for details). 

52. 1 DNA extraction 

Two ml of lysis buffer (20 mM EDTA, 400 mM NaCl, 0.75 sucrose and 50 mM Tris HC1 pH 
9.0) will be used to suspend the bacteria, this suspension will then be incubated at 37°C for 45 
min. Proteinase K 0.2 g/ml plus SDS 1% will be added and suspension incubated at 55°C for 60 
min. The iysate will be recovered and extracted twice with equal volumes of phenol-chloroform- 
iso amyl alcohol (25 :24: 1 , pH 8). Excess phenol will be removed by the addition of an equal 
volume of chloroform. The aqueous phase will be removed carefully and using isopropanol and 
sodium acetate the DNA will be precipitated, washed with 70% ethanol and resuspended in 300 
ul of sterile distilled water. 

5.22 PCR conditions 

The primer combination GM5f-GC (forward) and 907r (reverse) amplifies a 550 bp fragment of 
the 16S rRNA. The nucleotide sequence of the forward primer, which is specific for eubacteria 



(5 '-CCTACGGGAGGCAGC AG-3 ') contains at its 5* end a 40 base GC clamp (5'- 
CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG-3') to stabilize the melting 
behavior of the DNA fragments. The reverse primer used targets the universal consensus 
sequence (S'^CCCTCAATTCCmGAGTTT-S'). A "touchdown" PCR (9) will be used, in 
which the annealing temperature is set at 65°C and decreases by 0.5°C every cycle until a 
touchdown of 55°C, at which temperature a further 10 cycles are carried out PCR amplification 
will be performed in a total volume of 50 ul in a 02 ml microfuge tube. Each tube will contain 
1.5 mM MgCl 2 , 50 mM KG, 10 mM Tris HC1 (pH 9.0), 2% bovine serum albumin (BSA), 100 
pmol each dNTP, 50 pmol of each primer and 1 unit of Redtaq genomic DNA polymerase 
(Sigma, MI). Template DNA at a concentration of 1 ng will be added to the reaction mix. The 
PCR machine to be used is a PTC-2000 DNA Engine Peltier Thermal Cycling System, MJ 
Research, MA. PCR products will be identified on 1% agarose gels stained with ethidium 
bromide and visualized using a UV transilluminator and a gel documentation system (Alpha 
Imager 2000 V5.5, Alpha Innotech Corporation, VA). Amplified DNA of thf correct size will be 
reconditioned according to Thompson (43), that is, a low cycle number reamplification of a ten- 
fold diluted template PCR product will be performed to reduce the potential for formation of 
heteroduplexes. 

5.2.3 DGGE 

Fifty p.1 of reconditioned PCR product will be loaded onto the gel to analyze the mixture of PCR 
fragments obtained by amplifications of the DNA extracted from the sampling wells. The DGGE 
analysis will be performed as described by Schafer and Muyzer, (37), with 6%. (wt/yol) 
acrylamide gels (in 0.5 TAE: 20 mM Tris acetate [pH 7.8], 10 mM sodium acetate, 0.5 mM 
disodium EDTA) containing a linear chemical gradient ranging from 35% to 60 % denaturant 
Gels will be poured from 6 % (wt/vol) acrylamide stock solutions (acrylamide-N,N-methylene- 
bisacrylamide, 37:1) containing 0 and 100 % denaturant (7 M urea and 40 % [vol/vol] 
formamide, deionized with AG501-X8 mixed-bed resin [iBio-Rad Laboratories, Inc.]). The gels 
will be run for 18 hrs at.6Q.°C and 100 V. Bands will be visualized by staining. The optimal 
method for staining DGGE gels is ethidium bromide staining, the gel is stained in 100 ml of 1 x 
TAE buffer containing 50 ug/ml ethidium bromide. This is gently agitated for 15 min, the 
solution discarded and replaced with distilled water and left for 1 0 min. The gels will be 
visualized with a UV transiUuminator and the gel documentation system (Alpha Imager 2000 
V5.5, Alpha Innotech Corporation, VA). 

5.3 Task 3. Analysis of chemically-amended ISBAs to determine whether the in situ 
screening of electron acceptors and donors adds discriminatory/predictive power to 
microbial community profiling 

The microbial community DNA will be removed from the individual vials or microtiter plates as 
described in 52. The samples will be analyzed and their unique "fingerprints" resolved using 
PCR and DGGE as set out in section 5.4. Those partial 16s rDNA sequences separated using 
DGGE will be excised from the gel, sequenced and analyzed according to the methods in section 

5.4 to distinguish phylogenetic relationships. The phylogenetic relationships will be interpreted 
graphically using the ARB software to create dendrograms as laid out in 5.4; e.g., Figure 1). 

~ we will ; i quantify the extent of uranium 

reduction that occurred in 1SBA samplers that were amended with the radionuclide prior to 



incubation in microcosms. Measurement of U(VI) and U(TV) will be performed as described 
elsewhere using selected extractions techniques and kinetic phosphorescence analysis (47). 

5.4 Task 4. ( ): Molecular genetic analysis of high-density and low-density fractions of 
crude DNA extracts to determine the usefulness of isotope-labeling in ISBA monitoring 

Stable isotope-labeled and non-labeled crude DNA will be extracted from the environment in the 
same way as described in section 52. The ,3 C-labeled "heavier" DNA will be resolved from the 
non-labeled "lighter" DNA using density gradient centrifugation as described by Radajewski 
(33) using cesium chloride ethidium bromide density gradients. The crude DNA extracted will 
be analyzed, once again, by amplifying the 16S ribosomal genes and separating them according 
to DNA sequence using DGGE (see 5.2). This method will give us the microbial community 
fingerprint for those organisms metabolizing the isotope-labeled substrate. The DNA can then 
be excised from the gels using sterile pipette tips for sequential phylogenetic. analysis. Fractions 
of acrylamide gel containing the DNA will be incubated in 100 ul of sterile dH20 at 4 C 
overnight. A 1-ul aliquot of this solution is used for PCR amplification. PCR products are re- 
run under the same conditions to confirm the purity of the DNA and the PCR product purified 
with the QIAquick-spin DNA purification system (Qiagen) as per manufacturers instructions. 
The cleaned PCR product will be subjected to cycle sequencing. 

5.4.1 Comparative sequence analysis. 

All obtained sequences (>500 bp) will be analyzed using BLAST (1) and added together with 
most important BLAST hits, to an alignment of about 5,300 homologous bacterial 16S rRNA 
primary structures (27) by using the aligning tool of the ARB software package 
(http://mikro.biologie.tu-muenchen.de). Sequences will be checked for chimera formation with 
the CHECK_CHIMERA software of the Ribosomal Database Project (27). Potential chimera 
will be eliminated before the phylogenetic trees are constructed 



J. 5 Task 5. Adaptation of mass spectrometry for the analysis of mixed cultures 

Ribosomal biomarkers ranging from 4 to 20 kDa can be detected directly from intact cells of 
microbial cultures (3 1) or from crude whole cell extracts. The protein profile from crude whole 
cell extracts of mixed cultures is expected to highly complex and few biomarkers from individual 
species will be detected. Therefore, the detection of microbes in complex mixed cultures presents 
a significant challenge that we uu U > address in a phased approach. In previous studies 
involving complex protein mixtures, we have encountered problems arising from signal 
suppression when using MALDI TOF MS-based techniques. We have already partially mitigated 
this problem by targeting a judiciously selected set of ribosomal protein biomarkers. This 
approach allows us to detect characteristic signals in the microbial cytosol, which— owing to the 
presence of thousands of proteins — represents a complex mixture in its own right Nevertheless, 
we seek to improve the signal-to-noise ratio further in order to reliably detect targets in even 
more complex mixtures (e.g., biofilm lysate). We will accomplish this goal by enhancing the 
purification of ribosomal proteins and by fractionating complex samples. Tn order to obtain a 
benchmark illustrating the best possible result we wi ll biochemically extract ribosomal targets 
from pure cultures and use these extracts as performance st andards for judging the success of 
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developing less stringent but more practical cleanup techniques that le nd themselves to 
automation. 

The general strategy for Task 5 is as follows: 

(a) For method development and evaluation purposes, we will select up to five pure cultures of 
relevance to bioremediation, with the prerequisite being that the genome of these bacteria 
has been sequenced at least partially and that the corresponding data indicate a sufficiently 
large number of unique ribosomal proteins in each selected strain (10 or more unique 
biomarkers; (3 1)). Candidate organisms include Deinococcus radiodurans (24 characteristic 
biomarkers; see Table 2; (4, 19)) and metal-reducing bacteria (e.g., Geobacter spp.; (11, 
18)) that have been or currently are being sequenced for Dr. Lovley's group. 

(b) We will purify the ribosomes of the selected pure cultures and use the extracts as analytical 
benchmarks for developing a more practical sample preparation procedure. 

(c) We will experiment with defined mixed cultures (2-5 members) to determine our ability to 
detect individual targets present in these mixtures at known densities. This work also will 
require the modification of Dr. Pineda's database software for the identification of 
microorganisms. 

(a) We will develop a sample preparation technique for microbial mixed cultures that is as 
simple as possible while still allowing to determine targets in complex mixtures. 

(e) Next, we will fortify environmental mixed cultures obtained with the ISBA sampler with 
known quantities of target organisms and analyze theses samples to explore the sensitivity 
and robustness of our techniques for sample cleanup, MALDI TOF MS, and statistical 
analysis. 

(f) After having optimized and validated our novel microorganism-identification database 
software, we will analyze field samples from various sites and compare the results to those 
obtained with molecular-genetic analysis techniques. 

(g) Finally, we will conduct a small-scale demonstration of fully automated ISBA analysis (20- 
35 of the 96 wells) using our developed protocols. These demonstration will include the 
analysis of some wells containing define mixed cultures. 



5 .5. 1 Extraction and purification of ribosomes from pure cultures to obtain a performance 
benchmark 

We will enrich for ribosomal protein biomarkers from relatively uninformative proteins in 
complex samples by extracting ribosomes from cell lysates using standard techniques (40). This 
strategy was successfully applied earlier for the preparation of mass spectrometry samples (3). 
Accordingly, microorganisms are harvested by centrifugation, grinded with alumina, extracted t 
capture soluble components, and washed with a sucrose/salt solution through a sucrose cushion 



by wtracentrifugation. Given the high abundance of ribosomal proteins in microbial cells (up to 
21% of the cell's protein content; (2)) this step may not be necessary in a practical assay. 
Nevertheless, we include this work with highly purified targets to determine a benchmark or 
optimal performance level. Highly purified extracts from selected pure cultures (Deinococcus 
radiodurans [ATCC] and Geobacter spp. [Dr. Lovley's group]) will be stored at -80 C and 
aliquots taken as needed to serve as standards. Using pure cultures and extracts, we will 
determine the optimal parameters for sample-to-matrix ratio and sample amount on the target to 
maximize signal strength and reproducibility. 

5 .5.2 Automated separation of complex protein mixtures from mixed cultures by ion exchange 
chromatography 

The objective of this sub-task is to develop a practical sample preparation technique for 
automated high-throughput analysis. We will increase the number of proteins detected from 
crude whole cell extracts by fractionating samples via ion-exchange chromatography and, thus, 
reduce the number of ion species per fraction competing for charge. Our previous work indicates 
that MALDI TOP MS produces only about 20 disc emable peaks per analysis independent of 
whether the sample contains hundreds or thousands of individual proteins. By fractionating the 
sample, a larger number of ribosomal biomarkers will be detected and, therefore, increased 
confidence in characterizing the microbial population will be achieved. 

Proteins will be extracted from mixed populations of microbes with 35% acetonitrile/1% 
trifluoroacetic acid (TFA) and bound to a strong cation exchanger macrospin column (SMM- 
SCX, The Nest Group, Inc.). Proteins will be eluted from the macrospin column in at least four 
ammonium chloride salt steps ranging from 10 mM to 1 M ammonium acetate or ammonium 
chloride. Fractions will be dried, resuspended in 150 mM sinapinic acid (SA) containing 35% 
acetonitrile/1% TFA and analyzed by MALDI-TOF MS (Voyager DE-STR, Applied 
Biosystems, Inc) if necessary, in both negative and positive ion mode to enhance the 
discriminatory power of the assay. The number and concentrations of salt steps will be optimized 
to recover the largest number of known ribosomal biomarkers from one species spiked into a 
mixed microbial population. When necessary, salt fractions will be desalted using C4 Ziptips 
(Millipore Corp., Milford). 

Reverse-phase chromatography represents an alternative to ion exchange chromatography and 
will be tested using C8 Macrospin columns (SMM-SS08V, The Nest Group, Inc.). Protein 
extracts will be diluted with 1% TFA and bound to the C8 spin column. After washing with 
1%TFA, protein will be eluted from the column in at least four steps ranging from 5 to 50% 
acetonitrile, dried, resuspended in matrix and analyzed by MALDI-TOF MS. If neither of these 
methods sufficiently reduces the sample complexity, then both affinity procedures will be 
performed in series. All of these steps can be automated readily by standard column switching 
procedures using our Ultimate (LC Packings/Dionex) or Surveyor (Thennofmingan) HPLC 
systems interfaced with the Probot Micro Fraction Collector (LC Packings/Dionex). The Probot 
also can spot fractions directly onto a MALDI target plate and apply the matrix. 



5.5.3 Strategy for statistical analysis of mass spectral patterns 

The partem recognition algorithm used in the existing database is essentially a single-sided 
multiple hypothesis test that seeks to test the null hypotheses that each of the microorganism m 
the database did not generate the experimental mass spectrum. This approach, which tests 
mutually exclusive events, is not suitable for a setting where multiple microorganisms in the 
database are likely to be represented in the data. Accordingly, it will be necessary to use a test 
allowing for the detection of multiple microorganisms in a given sample. This necessitates the 
construction of a model that accounts for clutter peaks (Le., peaks not due to the microorganism 
being tested). Statistically, this means the test must be generalized from a single-sided test to a 
two-sided test One such generalization, based on a likelihood ratio test has been applied to 
detect microorganisms in binary mixtures by a group at PNNL (46). Another approach, based on 
Bayesian methods is under development by Dr. Pineda's group, and has been used previously to 
detect phospholipids in MALDI mass spectra (15). , 

I should be noted here thatfre use carbon-13 labeled substrates will lead to randomly labeled 
ribosomal proteins, thereby rendering conventional deconvolution and bioinformancs databases 
useless; this problem will be circumvented by using only non-labeled samplers for mass 
spectrometric analysis. 

5.5.3.1 Method validation 

As mentioned earlier, we will validate our methods with a series of (blind) studies based on: (a) 
artificial mixtures, (b) complex environmental mixtures spiked with known microorganisms, and 
(c) environmental mixed cultures (biofilm samples) analyzed by both MALDI TOF MS and 
molecular-genetic protocols. Similarly, we will include samples composed of defined mixed 
cultures into the demonstration of fully automated ISBA analysis by MALDI TOF MS. 

5.5.3.2 Protein confirmation by tandem mass spectrometry 

When using MALDI-TOF MS, microorganism-specific ribosomal biomarkers are identified only 
based on their intact protein mass (31). The more proteins an undefined sample contains the 
more likely it is that the mixture contains proteins having identical molecular mass but different 
biochemical functions than the targeted ribosomal biomarkers. To validate the presence of 
specific ribosomal proteins observed in the MALDI-TOF spectra, proteins from column fractions 
will be digested with trypsin and the resulting peptides will be identified by collision-induced 
dissociation (CID) using tandem mass spectrometry on our ProteomeX (2D-chromatography 
system interfaced to an ion trap mass spectrometer) or QSTAR Pulsar instruments (electrospray 
ioruzation/quadrupole/time-of-flight (Q-TOF) tandem mass spectrometer). 

Tandem mass spectrometry will also be used t o identify new ribosomal biomarkers— observed in 
MALDI-TOF spectra— that have not been assigned p reviously to a microbial species. 
Electrosorav ionization tandem mas* T ertmmetrv HEST/MS/MS) allows for true : protein 
sequencing and produces data of greater intrinsic v al ue than thos e obtained bv MAI.DI TOF Mb 
(72) . For the protein fraction containing the molecular mass range of interest (4-13 kDa), we can 



calculate from (22) that trypsin digestion should yield between 2 and 8 characteristic peptides per 
protein. 

5.6 Task 6. Adaptation of microorganism-identification algorithms contained in the existing 
microorganism-identification database software to allow for the analysis of mixed 
cultures. 

We us \ \ incorporate the protocols and algorithms developed in this study into an existing 
prototype microorganism identification database (31). The database contains approximately 200 
microorganisms, out of which approximately 70 contain 20 or more ribosomal biomarkers. The 
database is periodically updated from the latest release of the Swiss-Prot/TrEMBL database. The 
database is stored in a relational database management system (MySQL) with a CGI web 
interface. Perl scripts are used as middleware to integrate MySQL with the CGI web interface. 
The database is currently being ported to a web server and should be accessible to the public (at 
http-y/www.pinedalab.jhsph.edu) by the time this proposal is under review. This intended 
database will become a new resource for the bioremediation community. 



6 Strengths and Limitations 

An important strengths of this study is that the various technologies that are combined in the 
ISBA sampling/analysis strategy are already mature or at least partially developed: (a) solid- 
phase samplers have been successfully applied for microbial sampling (13); (6) high-throughput 
screening is routinely performed in the biotechnology sector by using miniatunzed microliter 
plates/assays in various formats (96, 384 or 1536 well plates), (c) robotics for the analysis of 
microtiter plates are standard laboratory equipment; (d) slow-release compounds are routinely 
used in the laboratory and in the field (29, 41), (e) stable isotope labeling is a rapidly developing 
technology (34, 35); if) MALDI TOF MS has been successfully used for the detection of 
bacteria, viruses and spores"(see (10) and references therein); and (g) microbial genome 
sequencing efforts and the development of bioinformatics tools for data mining are rapidly 
increasing (6). All of the above factors suggest that the proposed project is feasible and likely to 
advance the biological monitoring capabilities at DOE legacy sites. The project is strengthened 
further by our access to the latest instrumentation in mass spectrometry. For example, the 
Applied Biosystems Voyager DE-STR MALDI-TOF-MS has a 20-times greater mass accuracy, 
a 6-10 times higher resolution and greater sensitivity than the Kratos Kompact instrument used to 
generate some of the preliminary data we presented. Furthermore, the great variety of 
instrumentation available to us for sample preparation/analysis and the experience of our 
research group increase the likelihood of success with this project 
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In this project, we will create a tool that can link specific reactions occurring in situ to the 
responsible microorganisms. This will be achieved by combining several techniques, including 
,3 C-labeling, selective enrichment under various environmental conditions, m situ screening of 
multiple pairs of electron donor/acceptor compounds, and the potential for computational 
analysis of the numerous individual community profiles using subtracrive profiling techniques; 
the process is illustrated in Figure 8. 

The development of mass spectrometric techniques for the identification of microorganisms in 
mixed cultures is another important outcome. T 



Another important and tangible product of the j ' work is the generation of 

microorganism-identification database software and search algorithms for interpreting MALDI 
TOF mass spectra of ribosomal biomarkers and microorganisms. These tools will be updated 
frequently and will be available to other researchers over the world wide web. 

8 Significance 

Substantial cost savings may be realized if the mature technology is successfully transferred to 
the field. Potential areas of application include: (a) initial site assessment, (b) bioremediation 
design studies, (c) monitoring of accelerated in situ bioremediation, and (d) post-treatment and 
routine monitoring. Savings will result from the automated large-volume high-throughput 
analysis, and from the elimination of numerous field sampling activities, microcosm experiments 
and customized microbial analyses. Thus, the developed bioremediation assessment tool will 
support the environmental restoration and long-term stewardship of. sites containing 
radionuclides and other contami n ants. 
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Species 



Biomarkers 



Species 



Biomarkers 



Aeropyrum pemix 


OJ 


Anabaena sp . 


HA 


Aquifex aeolicus 


53 


Archaeoglobus fulgidus 


59 


Bacillus halodurans 


A~l 

4/ 


Bacillus stearothermophilus 


45 


Bacillus subtilis 


64 


Bacillus subtilis 


58 


Borrelia burgdorferi 


51 


Brucella melitensis 


23 


Buchnera aphidicola 


72 


Campylobacter jejuni 


26 


Caulobacter crescentus 


23 


Chlamydia muridarum 


53 


Chlamydia pneumoniae 


53 


Chlamydia trachomatis 


53 


Clostridium acetobutylicum 


24 


Clostridium'perfringens 


23 


Deinococcus radiodurans 


24 . 


Escherichia coli 


59 


Escherichia coli0157:H7 


55 


Haemophilus influenzae 


53 


Haloarcula marismortui 


50 


Halobacterium sp . 


20 


Helicobacter pylori 


53 


Helicobacter pylori J99 


38 


Lactococcus lactis 


32 


Leptospira interrogans 


25 


Listeria innocua 


26 


Listeria monocytogenes 


26 


M. thermoautotrophicum 


59 


Methanococcus jannaschii 


62 


Methanococcus vannielii 


24 


Methanopyrus kandleri 


23 


Mycobacterium leprae 


52 


Mycobacterium tuberculosis 


57 


Mycoplasma capricolum 


22 



Mycoplasma gallisepticum 
Mycoplasma genitalium 
Mycoplasma pneumoniae 
Mycoplasma pulmonis 
Neisseria meningitidis 
Pasteurella multocida 
Pseudomonas aeruginosa 
Pyrobaculum aerophilum 
Pyrococcus abyssi 
Pyrococcus furiosus 
Pyrococcus horikoshii 
Ralstonia solanacearum 
Rhizobium loti 
Rhizobium meliloti \ 
Rickettsia conorii 
Rickettsia prowazekii 
Salmonella typhi 

Salmonella typhimurium 

Staphylococcus aureus 

Streptococcus pneumoniae 

Streptococcus pyogenes 

Streptomyces coelicolor 

Sulfolobus acidocaldarius 

Sulfolobus solfataricus 

Sulfolobus tokodaii 

Synechococcus sp . 

Synechocystis sp . 

Thermoanaerobacter tengcongensis 

Thermoplasma acidophilum 

Thermoplasma volcanium 

Thermotoga maritima 

Thermus thennophilus 

Treponema pallidum 

Ureaplasma parvum 

Vibrio cholerae 

Xylella fastidiosa 

Yersinia pestis 



23 
52 
52 
23 
31 
29 
28 
26 
57 
27 

58 

23 

23 

26 

27 

54 

34 

37 

36 

32 

45 

46 

29 

53 

28 

28 

53 . 

20 

30 

27 

52 

37 

49 

25 
28 
24 
27 



Table 1. 

Currently, the database contains 250+ 
microorganisms. A selection of these having 
20 or more biomarkers are listed here. 



Table 2. Example of proteins listed by bacterium in the database (Source: Pineda). 



Deirwcoccus radhdurans (vegetative) 



emblED 

RL36 DEIRA 
RL34 DEIRA 
RL33 DEIRA 
RL32 DEIRA 
RL35 DEIRA 
RL29 DEIRA 
RL31 DEIRA 
RL28 DEIRA 
RL27 DEIRA 
RSI 6 DEIRA 
RS20 DEIRA 
RS14 DEIRA 
RSI 8 DEIRA 
RSI 9 DEIRA 
RS6 DEIRA 
RS10 DEIRA 
RL7 DEIRA 
RL20 DEIRA 
RS12 DEIRA 
RS9 DEIRA 
RL9 DEIRA 
RL10 DEIRA 
RS7 DEIRA 
RL19 DEIRA 



mass 

430922 

5608.5 

622826 

6660.74 

7294.83 

7759.95 

8581.81 

883 1.34 

9458.86 

9667.04 

9871.49 

10076.6 

10492.3 

10691.4 

11672.2 

12109.1 

12496.3 

13826.0 

14222.7 

14601.9 

16065.5 

17622.8 

17810.5 

18315,8* 



post-translation al 
modification 



Met-loss 
Met-loss 
Met-loss 



Met-loss 
Met-loss 



Met-loss 
Met-loss 
Met-loss 
Met-loss 



Met-loss 
Met-loss 
Met-loss 
Met-loss 

Met-loss 
Met-loss 



description 

'50S ribosomal protein L36' 
*50S ribosomal protein L34' 
'50S ribosomal protein L33* 
'50S ribosomal protein L32' 
'50S ribosomal protein L35' 
'50S ribosomal protein L29' 
'50S ribosomal protein L3 1' 
'50S ribosomal protein L28' 
'50S ribosomal protein" L2T 
3 OS ribosomal protein SI 6' 
3 OS ribosomal protein S20' 
"30S ribosomal protein SI 4* 
*30S ribosomal protein S 1 8' 
30S ribosomal protein SI 9" 
"3 OS ribosomal protein S6' 
30S ribosomal protein S 10' 
'50S ribosomal protein L7/L12' 
'5 OS ribosomal protein L20* 
'30S ribosomal protein S 12* 
30S ribosomal protein S9" 
'50S ribosomal protein L9* 
'50S ribosomal protein L10' 
30S ribosomal protein ST 
'50S ribosomal protein L19' 



Met-loss by automatic rule. 
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Hard Targets 


annotated 
ribo- 
proteins 


replicates 
per 
trial 


Positive 


on mode 


Negative ion mode 


CHCA 


SA 


CHCA 


SA 


Trial 1 


Trial 2 


Trail 3 


Trial 4 


Bacillus subtilis 


31 


5 


100% 


100% 


100% 


100% 


Escherichia coli 


30 


5 


100% 


100% 


100% 


100% 


Pseudomonas aervqinosa 


26 


5 


100% 


100% 


100% 


60% 


Haemophilus influenzae 


25 
20 


5 
5 


100% 
80% 


100% 
100% 


80% 
80% 


100% 
100% 



Table 3. Influence of MALDI analysis conditions on the accuracy of target microorganism 
identification (Pineda et al. 2003). V 



Compound 


Phenomenon studied _ . 


None 


Biofilm formation on the Rlass surface 


None (plus agar) 


Effect of basic matrix (e.z. Noble agar) on communitv composition 


Acetate 


Effect of carbon source on community composition 


u C r Acetate 


Usefulness of isotope-labeling for identifying metabolically active 
microorganisms (molecular-genetic approach) 


Uranium (VI)* or Fe(IID 


Effect of UfVT) on community composition 


Acetate + U(VI)* or Fefm) 


Effect of UfVI) plus acetate on community composition 


"Ci-Acetate + U(VT)*/Fe{IID 


Enrichment of uranium- and/or metal-reducing bacteria 



• For regulatory reasons, uranium may have to be replaced with Fcflll) in field situations; concentrations 



of metals (solids) will be approximate only. 

Table 4. Matrix of experiments to be conducted with the ISBA samplers (microcosm and 
studies). 
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Figure 1. Dendrogram showing published 16S rRNA gene sequences with those obtained from 
various monitoring wells within the Building 834 Study Area (taken from Franklin et al. 2003). 
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Figure 3. Location of 
monitoring wells at the 
Building 834 Operable Unit, 
LLNL, Site 300, CA 




Figure 2. DGGE analysis of 16S rRNA genes 
amplified from DNA extracted from the wells: 
D3, Ul, Al, B3, 12, S9, T2, T2a, andT5 
(Figure 3) using eubacterial primers GC-GM5f 
and 907r. 
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Figure 6. MALDI TOF mass spectra from B. stearothermophilus obtained with four 
different experimental protocols. Peaks that match ribosomal biomarkers are marked with 
triangles. (Y-axis represents relative signal intensity). 
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Figure 7. Distribution of the/?-values for the 3800 database-target microorganism 
spectra comparisons. Each point represents the ^-value corresponding to a single 
comparison. Points corresponding to correct identifications are further labeled by 
the experimental protocol. Bonferroni-corrected thresholds-values for the 95% 
confidence level for databases with N=38 and N=1,000 microorganisms are 
marked with horizontal lines. Figure taken from [19]. 
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Figure 8. 

The above schematic illustrates the utility of the proposed ISBA sampling strategy. Conventional 
microbial community analysis produces a picture as shown in A; the technique detects the presence of 
bacteria, however, it does not provide information on their metabolic activity. The use of isotope-labeled 
nutrients can reveal which of the detected microorganisms are metabolically active (right half of the 
community shown in A). Use of the proposed ISBA prototype will allow for the determination of up to 96 
community profiles determined under various environmental conditions (B). Computanonal analysis of 
the resulting data using suhtractive community profilin g may allow one to identify important pollutant- 
transforming microorganisms within the large groun of active microorganisms (not all metabolically 
active bacteria are partaking in the bioremediation process). In addition, environmental conditions in the 
device may allow for the selective enrichment of poUutant-degrading bacteria; some of these may be 
detected for the first time (C); under appropriate conditions, poorly represented population may be 
enriched to a level allowing for MALDI TOF MS-based detection/identification. In addition to the 
microbial profiling data, optional chemical analysis of the proposed device can provide data on the rate 
and extent of biotransformation in 96 different scenarios, including the conditions prevailing at the site. 
This information is critical for designing bioremediation strategies for site cleanup. 
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An important need in bioremediation research is the development of innovative diagnostic tools that can 
unambiguously link an observed degradative activity to a specific microbial subpopulation present in the 
contaminated environment of interest. \ 

^enems of the tool 

include the ability to determine in an automated, standardized, high-throughput mode the composition, 
dynamics and functions of complex microbial communities and subpopulations, as well as to conduct in situ 
screening studies on nutrient regimes and bioaugmentation strategies suitable for enhancing bioremediative 
processes- all this potentially being done without altering in any way the chemistry, physics or biology of the 
contaminated environment under study. Although the proposed tool will have broad applicability to 
bioremediation this / will focus primarily on the biotransformation of volatile organic 

compounds (VOCs) and tetraalkoxysilanes as model pollutants. The field site selected for technology testing is 
the Department of Energy (DOE) Lawrence Livermore National Laboratory (LLNL) Site 300, a VOC- and 
tetrabutoxysilane-contaminated Superfund site located in Northern California. 
The specific aims of this proposal are: • 

1 . To produce two identical prototypes of the proposed in situ microcosm array (ISMA) sampler ana 
demonstrate their mechanical functionality in laboratory experiments. 

2. To evaluate in controlled laboratory conditions whether the ISMA technology can serve to actively 
capture, concentrate and selectively enrich target microorganisms relevant to bioremediation. 

3. *To determine whether analysis of ISMA samplers by stable isotope-probing techniques ( C-DNA 
analysis) allows one to distinguish metabolically active microorganisms— that are directly or indirectly 
partaking in the transformation of contaminants— from those that are dead, dormant or irrelevant to 

bioremediation. Li , . , 

4 To evaluate in a | study whether ISMA samplers are amenable to analysis by matnx- 
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), a rapid analysis 
technique that potentially can inform about both the identity of microorganisms (genotype) and the 
molecular composition of cells (phenotype). 

5 To evaluate the applicability of ISMA technology to real-world situations by deploying prototypes of the 
device at the highly contaminated and well-characterized VOC-containing Superfund site. 



Bioremediation. Bioremediation is a promising and rapidly maturing technology potentially allowing for 
the swift, safe and cost-effective restoration of polluted natural environments (39). When considering 
bioremediation as a treatment option, one has to examine whether physical, chemical and/or biological 
constraints exist. Once these have been identified, engineering strategies can be implemented to remove or ' 
minimize these limitations. Treatment options include physical, chemical and biological interventions, e.g., 
hydraulic fracturing of subsurface strata for enhancing water permeability, addition of nutrients, chemical 
modulators and/or carbon and energy sources for increasing or limiting specific chemical or biological 
functions, and addition of foreign microorganisms for initiating and/or accelerating pollutant transformation. It is 
now becoming recognized that at many field sites, a lack of sufficient microbial diversity and/or metabolic 
potential can.explain why biodegradable pollutants fail to undergo biotransformation in situ (11). While new 
findings on the metabolic routes and bottlenecks of degradation are still accumulating (54), it is already clear 
that the capacity of indigenous microbial populations to adapt to the presence of toxic pollutants and to 
biodegrade these compounds may be the most important factor in determining the fate of subsurface 
contaminants (for a review, see (40)). Thus, bioremediation of polluted environments requires a proper 
understanding of the types of organisms present, what their potential metabolic capabilities are, and to what 
extent these degradative functions are being expressed in situ. 

Designing and Monitoring Bioremediation. Contaminated sites across the country may resemble one 
another but no two sites can truly be identical due to the infinite number of variables describing their 
characteristics on a micro and macro scale. For this reason, the design of bioremediation strategies requires a 



speed up the In situ biotransformation process ^"^^^^"J^TjU They also facil tate 
for complete mass balance calculations on all "^^^^^^^^^ constants) 
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induced anaerobiosis m aerobic sat , u ; ated * ub ^ and field tests. Thus, it would 
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enable one to determine/estimate with > reasonable ^^^^^^ intrinsically, and what 
contaminant removal are, how fast and to what ^^ a J h X accelerat e biological site cleanup 

is on the microbial ™ ity 

composition, dynamics, functions and requirements at the site. 

MMtM commune ana/ya/s. Today, non-culture f^^^^ZZS^ 
standard approach to studying microbial <^£*"*£ ™ ££Sffiy™eour* procedures 
analysis is tha.only . .very ■ «- - biases, potentially 

can actually be cultivated (8, 16, 55). uonvenuonai ™' u »" -covered from an environment and grown 

,eading to the false conclusion that the few ^^^^^^^Z biology techniques and 
in the laboratory are the most prevalent or most actrve srtu ^"^'"taTSedia without the need for 
microbial phylogeny enable one to identify ^^^^^^^^f extracted from 
cultivation (24). utilizing methods such as *™^%°l c ™™^ ™ TrRNA qene as a molecular marker is an 
environmental samples or by in situ microscopy mainly based on 

established method for determining phylogenetic relat. ™L„5S e g (34)). While the cloning 
cloning of 16S rDNA fragments ampl^ed from d^ fingerprinting techniques, 

and sequencing strategies can be labor and cos '^"^ ™ ™ f en nd ^^ation polymorphism (SSCP) or 
such as denaturing gradient gel ^^^^^^^ ££a™ plifiec 1 16S rDNA have allowed 

within a biofiim (24). Methods available to analyze ^*^ a ' ^^ an ^^Sions of these nucleic 
community are less developed than tools to analyze the s ^« , <^'^™ J^! |es biase s, and artifacts 
acid methods relate to the extraction of the nucleic ^^J^^^^^ sensitivity and 
associated with enzymatic amplification of the nucl e.c acrfs ^J f ^^^' niks ^ plates allow for 
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understanding may be obtained by tbe combined use of molecular mernods, microbiological techniques and 
through characterization of metabolic activities within the given habitat. 

a«v^ 

Tl TlZ T*™^ \l L iitv of linki m » strain or snnoins In an observed or suspected metabolic 

m , a ; r kn ";;7"!:t!r: ZLr„ w»h other ™mm'„nitv members. M ethods targeting mRNA are more 

r^ofme^ is rr* rt i, s physica,,y 

ntact To) « s vlabMd) ii is metaEoLlly active and (e) it is performing the desired; bndnt Finally 

useful tools for overcoming some of these limitations (17). 

Use of solid-phase samplers for microbial sampling. In their simplest configuration solid-phase 

device reouires the active physical attachment by the microorganisms to be captured. However, deaa 

yet been used with solid-phase samplers. 

Stable isotope probing and proteomic analyses. Stable isotope labeling techniques anc I Proteose 
analyses «. emerging technologies that offer a way of e J^J^^^ 
and metabolic activity of microorganisms. Stable isoto P%P^if^^ 

organism growing on carbon-13 enriched carbon sources becomes Wabele^ header ^nere y a 

one to resolve its DNA from the total community DNA by dens.ty gradient eenMUgab^ 

used successfully for the study of methanol-utilizing bactena in soil (37, 41 , 42). The soil of ^interest was 

tataSX^teled methanol, the genomic DNA was extracted and spun ^J n S^ r f^F^ 
incuoaiea wim o wuc 13 ? ' Qm . .„ hf DNA containing pnmanly 'C. (A small fraction 

o "ell °o fsTS isot °P e h me ^mtnaTof 

stated etSl?r P ^ aw JS s suitable for separating DNA of metabolically active m.croorgarwm from mat of 
S!SSJSS?oS. In addition, the tJme-resolved analysis of labeling studies a ows one o o^duce the 
metabolic activity of a microbial community during a defined penod of time 

„.eH to calculate rate * of microbial orowth and contam.nant turnover. Testwnpoun * « n ™3^ y 
labeled stable isotopes of carbon, nitrogen, hydrogen, etc. are however, expensive ^ us J j™^™ 
reasons their use wHI remain restricted to the small scale, such as the m.niatunzed ,n s,tu m.crocosm array 



OSMA, descdbed in this proposal. VM^^^^^g^g^SajQ 
Li,m potential for rou tine monitonnq at rontam na ed sit e s_ idenMl ca .inn of microorganis^ite 

-a ddition it may he impo"ihl* to a, S^gggHhSgfel ch,-^"- nMA sanuonoeTThir 

spores and viruses (56), is a powerful and rap. '^ m ^2f ~™ H ^oni;ihls technology clearly also 
Microorganism identification ^ 

has great potential for public health researcn anaj en requirements (< 1 

techniques are very rapid (<5 ^^f^^^ n ^^^S^m and references therein) 
mL) and have a generic capability to identify m, ^ h a A ^^ n ^mpte holder to achieve successful 
indicates that between 5,000 to 10 000 * P ^ te Chno logy and provide an outlook on future 

detection. Two recent reviews elaborate on J^" 9 *^ ^^l-TOF instruments to an astonishing 

K r . i u . 'nrovidma 
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The bioremediation of contaminated sites requires the development of automated ^Id-ready 
technologfes for studying the complex microbial communities indigenous to contaminated subsurface 
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Figure 2. 

Field site map indicating the locations 
of monitoring wells at the Building 834 
Operable Unit at LLNL Site 300, CA. 
Five-ppb-contours show the extent of 
groundwater contamination caused by 
spillage of trichloroethene (TCE) and 
tetrakis(2-ethylbutoxy)silane (TKEBS). 
The contour for c/s-1 ,2-dichloroethene 
(c/'s-1,2-DCE) indicates the presence 
of intrinsic reductive dechlorination 
activity at the site. 



Figure 3. 

Composite digital image of an ethidium 
bromide-stained DGGE gel (35-55% 
denaturant) separating the bacterial DNA 
fragments coding for 16S rRNA. Using the 
primers GC-GM5f and 907r, fragments were 
amplified directly from DNA extracted from 
the following groundwater monitoring wells 
at LLNL Site 300: W834-D3, -U1, -A1, -B3, 
-J2, -S9, -T2, -T2A, and -T5. 
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Figure 4. 

Schematic showing the in situ 
microcosm array (ISMA) 
suspended in a standard 100-mm 
diameter groundwater monitoring 
well. The device is supported from 
the surface via an umbilical, that 
holds it in place and provides 
power and vacuum for actuation of 
the integrated closure mechanism 
and pump. 



Figure 5. 

In situ microcosm array (ISMA) 
system components. 
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Figure 6. Cutaway view of the closure mechanism and the microcosm array (see Section D for details). 



The device is deployed » « into ^^J3^r5i 

valve plates to shift and the pump to start, thereby exposing ^ch m £ y ^ 

constant flow of groundwater. MtaooiganismW The filtration matrix can be 

Each capillary is filled with a filtration material {e.g., ^ g'ass^ woo p. g , 

amended' with test substances .diffusing ^"^ft^^ wi.l contain stable isotope 

containing microbial carbon and energy ^^^^^^e device can be operated for days or 
,abeled substances to faciHtate . stable isotope ' »^t^toS?^n be activated after an initial inoculation 
weeks in flow-through mode. Atemat vely ^^S^^^mflow^hrough mode to batch mode may be 
period in order to continue incubation in batch ^^^^^^^ The effluent of the various 
Squired to simulate anaerobic conditions m sa tu rate aerobic ^^"^3.^^ preventing 

£cSS^ 

ti?rj^:^ir s p without r^uu&si*^ 



ic ^ p^iS^c^n donors may become Pnncnen ,n s able .sotope | 'abeled^N_ ^ 9 
tool om the well, microorganisms w.ll be extracted ^* e ™* xl ^?™ nd DNA by density-gradienf 
isotopeMabeled, higher-density DNA will be ^^^^^^ analyzed using standard 
centrifugal. This higher-density DNA ^^^^^S^ac^ replicate capillary microcosms- 
molecular techniques described in detail below. ™™ n " * op y MS B y taking advantage of the 96-well 
containing non-labeled substrates will ^^^J^%^ mer J robMcs for the extraction 
format of the device, this analysis can potentia y I °® aut °^^ a U tt f of purifle d digested extracts on the 
and purification of proteins on two-dimensional gels^ * p °* ng ft ° T ^ U ntent D f the capillary itself could 

MALDI target. Obviously, the effluent of each ^'^^JX and to calculate the rate and extent of 

D f or S of the scope of this exploratory 

research project. 



Two prototypes of the device 
Hopkins University (19). The device w.ll first be ^ 1^*?™' non ^ abe led or labeled compounds, and 
operation. Thereafter, we will load the compartments of the ISMA ^J^f tos for m0 re complex 
conduct proof-of-concept tests in the laboratory using defi " ed n m ^ be designed to test the 

environmental microbial communities of unknown co ^^^^^^ c ^ microcosms 
ability of the device to capture and concen tra ^f^^ C'Cr 
in a controlled flow of simulated groundwater. Th h ereaft *^ agar pieces containing the test 

labeled benzoic acid) to some of the flow-through microcosms by int0 ^ g | aS s wool 

compound into the filtration material of the ^^^^^^^^^^ perform density 
plug). Following inoculation and incubation of the so P'^^^^rn^abeted DNA, amplify a 16S 
gradient centrifugation to separate the ^^^^Z^ thf purified products of amplified light 

during the incubation period. 

Additions, experiments will focus on me applicab* ^^^^'^^ on 
automated analysis of mixed cultures focusing on ^ Qf 
both the identity (serotype) °< onanism (targebng nbosomal proteins) me y 



genes ^ targeting enzy.es relevant to ^"^S^^^o 5 
performed at the proof-of-concept level copcentehng n ^,^^^0 biomarkers revealing the 
members. Our analysis will focus on P^*^*^£^^ cleanup steps, this work will 
genotype of detected organisms. In orde to av o.d the » ™ n tan ^ gen e products, we will focus on 

be conducted with intact cells of pure '^-J^^^^^^^ of nitroaromatics, the 
the detection of a well-charactenzed enzyme of ^„ «?tec^rexpre^ in E. co,i yielding the target 
nitroreductase of Enterobaote r ^S^^^f Sto^hK enough to allow for direct detection of the 
protein at concentrations (of up 6 ^^| 9 ^^,.? 0 F MS If necessary, proteins will be partially 

peptide digestion fragments/sequences (e.g., (21, 56). 

The „ ob^ve „C Hi study is «o 300, 
situations. For this purpose ,out ^^^^Hg. 2)lbrw«.«.h«. 
CA These tests will be conducted in two mom toting wei s (vv roo _ 

co«ected an extensive chemical and ecological datose (18 ^f^^ ga logical bteakdown 



. -^tu^i nmtnh/nes of the n mnnsed in «»" microcosm array 
oo e/i^. cnerifir Aim #1 To nr ^" rp ^ n identical prototypes 01 me y>^ _ 

The JHU instrument Design Group will * 
the drawings shown in Figs. 4-6. AH materials «^ ta p J^,S B S for the various components (Fig. 
surface sterilization of the dev.ce prior to ^P 1 ^ steel coated with Teflon® (pressure 

5 and 6) are Teflon® (microcosm array), Won® (res toe tor P la ^'^ nousing) and Kevlar® 

vessel, other structural components). De.nn® (a synthetic stone m ^^^^Jl^ attached, the 
(umbilical tether). The dry mass of the ISMA ^.^-"^^sXystem basis is as follows: array and 
device has an overall length of 173 cm (68 kg (4 Ibf); weight -2.7 kg (6 Ibf). 

closure mechanism -1 .7 kg (3.8 Ibf); effluent wet mass of the system of 12.2 

When the effluent bottle is full the . mass mcreases by 5 kg and the integrated pumps prior to use 

kg. We will conduct mechanical tests on the SMA dosure mec enerat ion of flow rate curves for . 

of the devices in the laboratory and in the field. P^P te Js wil Jne , SMA is designed to remotely 
the integrated variable speed pumps (1 enough to fit into a standard 

extract and culture environmental samp es ^ (-300 ft) Conservative estimates for pressure 

100 mm (4") diameter monitoring well at depth up to 100 ^m ( 300 tt). o ^ ^ ^ (see Rg 4 

tolerance indicate that the device can be ™%^™^J£^ to be performed to determine the true 
S KTS ^^^^ -ed the maximum saturated thickness «20 ft) m 
the shallow perched water-bearing zone of interest (18). 

tne snanow q6-well microcosm (microtiter array, a 

As shown in Fig. 5, the ISMA system consists _of a pump, a 96wen micro j ^ jg ^ ^ 
closure mechanism, an effluent bottle, and a weight. The system ^^J^, is opened via a 
sterile water and lowered ^^ te ^^^lSS5^ array by a pump operating initially 
pneumatic cylinder and groundwater s quic kly ™ n *™™™ ( _ 120 mL dea d volume). Following 
in high-flow mode to replace the sten e wat er w th gr ^"^^^ e groundW ater velocity at the site 
replacement of three dead volumes the flow rate »J*«red^ » the 9 effluent bottle . Air displaced from 
(typically -0.5 ft/day). Groundwater flows through the array exiting mtoine 



the effluent bo«e is *wed ,o escape via ^J^^^^^~^ ^ 
and samples are analyzed. 

u /c,o r\ tn remotPlv seal the 96 capi ary microcosms after a 
The ISMA utilizes a cI °t Ur ^ meC ^dTh?ouan th^a^mlcrocim measures 7.5 mm in 
sufficient groundwater volume has been P as *^^ As shown in the Fig. 6, flow is injected 

diameter and 25 mm in ^P^J^ valve plat 9 e . ln the open 

into the mechanism via a s.ngle inlet thereby fil hng the upper caw a w ho , es jn fte 

configuration (Fig. 6, upper inset , the ho es '" the upper and lower valve plates a g g sjngie 

underlying restrictor plates allowing fluid to pass ^^^^JS^^b holes in the restrictor plate 
outlet. To sea. the array, the valve plates *^^^^^^^u*^ a pneumatic cylinder. A 
and cutting off the flow (Fig. 6, lower inset) The valve plates are ^smea us g p vaive ^ 

compressive force is applied to ^ — rigidity and coated 

restrictor plates. The valve plate w.l be made .^"J^ is actuate d using a pneumatic 

with Teflon® to allow for smooth valve operation. The closure me han .am s ; aci y w 

cylinder. Pressure is supplied to the ^ cylinder ^^^^n^^S^ ££ld in the 

a h x b ^ state of the device - B,eed "° ff air 

from the cylinder is vented above the water table via a tube .n the umb.l.cal. 




* v, tho twn i^MA devices will be loosely stuffed with sterile glass wool plugs 
All 96 positions of each of the two ISMA devices win db J fl Fj different 

approximately 5 x 10 4 CFU/mL. Equal al.quots of he individual bacte^naisuspe 

p?o P duce a defined 5-membered community conta.n.ng approx ma to* [ x J.f ~S^ 9 tafge Erlenmeyefi 
each of the five different bacteria per milliliter. Thl * ™ e ^^ each) of the 

flask equipped with a magnetic stir bar for m«,ng (M i rpm 4 ^<^ a ™^ using tne integrated pumps, 
suspension will be fed at a low flow rate into the inlets ^^^^^ wool plugs will be removed 
At the end of the inoculation period, ^^^4™* fte^ml^nlsLUB^ from the 
aseptically, the capillary washed through with sterile PBS and the topped mrc g ^ 
plug by vigorous shaking (1 hour) in test tubes containing 5mL ^^^52^ standard 
P EM bacteria will be diluted and enumerated on app nate electee me d.a t «ng mrough 

^^^^ - — ° f bacteria — 

by the ISMA. 

Next, the above expert. will be -P^ed us = ^tl'lS^lSSSEK 
suitable for seleotively enriching Pseudonyms sp. Starr iB13WD5 one ot me ^ 1 
will be equipped with glass wool plug s containing a defined amount ot small agar ^ 



mm in length. Individual compartments will contain approximately 10% agar by volume, rhe agar cubes swill be 
prepared by cutting agar slabs prepared with M9 minimal medium (36) containing trace elements (22), 2% 
Noble aganand either no added carbon sources or benzoic acid (5 mM) as a carton and energy source for 
enrichment of Strain B13-D5 (22). These two types of agar will be placed in the ISMA ,n alternating sequence^ 
so that hal of the compartments of the device contain agar with the carbon source. Again, a feed solution (10 3 
CFU/ml fetTof™ K model organisms in 10-fold diluted M9 buffer) will be passed through both devices. 
\n ^his exoeriment the same overall mass of bacteria will be delivered to the ISMAs a in the previous 
experiment however oveT a 1 0-fold longer period of time. This additional incubation period may facilitate 
growt ™ sJTSSs on the benzoic acid presented in the device. The ISMA will be analyzed as descnbed 
abo7e in order to determine whether it indeed can provide a micro-environment for the selective ,n srtu 
enrichment of bacteria of importance to bibremediation. 

nvtw Snenific Aim #3. To determine wh e ther analysis of ISMA samplers by stable isotope-probing 
t ^^- ^rt nNA analysis) allow * nne to distinguis h metahnlicallv active microorqamsms-that are d,recty 
:lT^Joartakina m Z transformation o < rJLnants-from those that are dead, dormant or relevant to 
bioremediation. 

Cells will be extracted from the ISMA as described above. Stable isotope-labeled and non-labeled 
- crude DMA will be extracted from the samples using the alkaline lysis method descgbed by ' Scjauer W The 
cmde extract will be fortified with non-labeled DNA from Sphingomonas sp. Strain RW1 in o der to s.mphfy 
visualization of D N A bands in subsequent steps. The "C-labeled "heavier" DNA will be resolved from the non- 
Sbala?W D>S^ according to the method described by Radajewski (41) using cesium chlonde eth.dium 
brS density gradients. The' crude DNA extracted will be analyzed by 

16S ribosomal genes and by separating them according to DNA sequence using DGGE _The 16S DNA will be 
enzymatically amplified from the crude DNA according to Teske and co-workers (48) and the resultant 
amplified DNAs compared using DGGE (43). 

This method will give us the microbial community fingerprint for those organisms metabolizing the 
isotope-labeled substrate Those organisms utilizing the labeled substrate wil. be .dent.fied by excising the 
DNA from the gels using sterile pipette tips for sequential phylogenetic analysis. Fractions of aery lam.de gel 
conning the DNA wil.'be incubated in 100 of sterile dH20 at 4'C overnight. A 1-p. 
will be used for subsequent PCR amplification. PCR products generated by using the DGGE pnmers are re- 
^ ^^J^S^SLb to confirm the purity of the DNA on another DGGE gel and ^P^»i 
be purified with the QIAquick-spin DNA purification system (Qiagen) as per manufacturers instructions. The 
cleaned PCR product will be subjected to cycle sequencing. 

DNA Extraction. In short, the bacteria will be collected as above and ften « n «"^ H ^"9 g m ... 
centrifugation 2 ml of lysis buffer (20 mM EDTA, 400 mM NaCI, 0.75 sucrose and 50 mM Tns HCI pH I9.0) - g» 
be used to resuspend the bacteria captured by the glass wool plug, and this suspens.cn will tfien be incubated 
at 37'C for 45 min. Proteinase K 0.2 g/ml plus SDS 1% will be added and suspension ^^^^ 
60 min The lysate will be recovered and extracted twice with equal volumes of phenol-chloroform-.so amy! 
alcohol' (25 24 1 prT 8). Excess phenol will be removed by the addition of an equal volume of chloroform. The 
aqueous ptasi will be removed carefully and using isopropanol and sodium ace ate the DNA will be 
prlclpitated, washed with 70% ethanol and resuspended in 300 pi of stenle distilled water (14). 

PCR The 16S rDNA will be amplified from the crude DNA according to Teske (48) and the resultant 
amplified DNA compared using DGGE (43). These same me^ods will also ^ 'mP^mented to ana yze 

temperature is set at 65'C and decreases by 0.5'C every cycle untl a touchdown of 55 C, at v»h!ch 



temperature a further 10 cycles are carried out. PGR amplification will be ^^^^J^^ f/ 
in a 0 2 ml microfuge tube. Each tube will contain 1 .5 mM MgCfe, 50 mM KCI, 10 mM Tns HC I (pH 9.0). 2 /„ 
bovine serum albumin (BSA), 100 pmol each dNTP. 50 pmo. of eacr, ' P^er and 1 unrt^ 
nNA oolvmerase (Siama M ) Template DNA at a concentration of 1 ng will be added to the reaction mix. The 
PGR Sn?to be used is a PTC 2000 DNA Engine Peltier Thermal Cycling System, MJ Research MA. PGR 
oroduds wS be identified on 1% agarose gels stained with ethidium bromide and visualized using a UV ■ 

AmDlified DNA of the correct size will be reconditioned according to Thompson (49). that is, a low cycle 
^jT^Saton of a ten-fold diluted template PGR product will be performed to reduce the potential for 
formation of heteroduplexes. 

DGGE Fiftv ul of reconditioned PCR product will be loaded onto the denaturant gradient gel for 
analysis of fe SSlge of PCR fragments obtained by amplifications of the DNA extracted from 
S^witoent^e DGGE analysis will be performed as described by Schafer and Muyzer, (43) w.th 6% 
^ZcSde gL On 0.5 TAE: 20 mM Tris acetate [pH 7.8]. 10 mM sodium acetate. 0.5 mM d.sodium 
EDTA) con^rTng a linear chemical gradient ranging from 35% to 60 % --^-.^^^ ^00% 
% (wt/vol) acrylamide stock solutions (acrylamide-N.N-methylene-bisacrylam.de 37 .1) containing 0 and 100 h 
deSrant (7 M urea and 40 % [vol/voQ formamide, deionized with AG501 -X8 mixed-bed resin [B,o-Rad 
- 2KStoriw inc ]7 " gels wil be run for 18 hrs at 60'C and 100 V. Bands will be v.sua .zed by sta.n.ng. The 
ootima ^^^method fo s aining DGGE gels is ethidium bromide staining, the gel is stained in 100 ml of 1 x TAE 
^^M^S^m^^bmmUB. This is gently agitated for 15 min. the solutor .discarded and 
^p.r c S wth distilled water to remove excess stain and .eft for 10 min before pounng f ^^^- 
The gels will be visualized with a UV transilluminator and a gel documentation system (Alpha Imager 2000 

Thi^^ determine the genetic dive.ity of natural microbial communities £3), 

in his Ssewe a?e using it to analyze the influence of our sampling methods on the obtained picture of the 
^S^S^. Some bands will be extracted from the DGGE analysis for sequencing m order to validate 
the process. 

m-SA#4- Specific Aim #4. To evalu a te in a nmof-of-connept study whether ISMA samplers are 
^Stl ^ L hv matrix-assisted i***r desomtionAon irat i o n time-of- flight mass spectrometry (M ALQL 
TnTJsl arZidan^ technique that g n^can inform ahout hoth the idenUty of m.croorqan.sms 
f genotype) and the molecular compo sition of cells (phenotype). 

The strategy for this task is as follows: (a) determination of specific biomaiKers for 5 modelorganfems 
(b) determination of minimal cell quantities required for detection of specific organisms *^£™ M *> & 
analysis of selected samples containing defined mixed cultures of microorganisms (d) an alys.s ;of ceHs of 
Pseudomonas Strain B1 3-D5 and E.coff, not induced and induced for overexpress.on of Phenoxybenzoate 
SSSS^ O^ dl^enase) (7) and nitroreductase (29). resepectively. (a) We will obtain MALDI-TOF 
mass spectra of intact ce's from pure cultures of E. caff. Bacillus subtilis, Deinococcus rad.odurans, RNzob.um 
^SmdP^ionas sp. Strain B13-D5 grown on appropriate minimal med.a and on complex ^ 
JETSK nutrient broth) using a Voyager DE-STR MALDI-TOF mass 't^^^S^^ E£f 
9 Prominent mass spectral peaks (typically 10-30 for intact cells) that are detectable n the 4,000 to 15 000 
mA renr^espeSve of growth conditions) will be tabulated for each organism. Candidate b.omarkers that 
at de e 9 cti Tn more'anone type of organism will be discarded. This ini «^ 
designed to maximize the odds of focusing on protelnaceous b.omarkers, and ^^^^g,^ 
charaed ions from intact ribosomal proteins that are known to dominate mass spectra of intact bactena cens 
^ niTanZSSw therein ribosomal proteins contribute up to 21% to the total protein content o E. 
coTfor'eximpfe W)™^^*** Johns Hopkins University is currenUy developing a Network-enabled 
Sfa^Z WerStoflon (NEMID) database tool that predicts ribosomal biomarkers for microorganisms 
SSS^^dTSto accounting for potential /^terminal methinine loss (personal communication). If 
Sble atTe S ^ is study, we will make use of this tool to extract ribosomal biomarker peaks from our 
^CS eandtola peaks. Our selection of microorganisms will work to our advantage 
SlSX^taDOtganlsiim proposed for these studies have already been completely sequenced 



(Strain B13-D5 represents the one exception), (b) We will experimentally determine the minimal number of 
cells required to successfully obtain a mass spectrum featuring 3 or more characteristic biomarkers; the 
literature indicates that a minimum of about 10,000 cells need to be present on the sample holder to achieve 
successful detection, (c) If the detection limit is sufficiently low, we will analyze the samples generated in 
experiments described in Specific Aim #2. Specifically, within a background of other microorganisms, we will 
attempt to detect by MALDI-TOF MS cells of Strain B13-D5 that have been selectively enriched in the ISMA 
during growth on benzoate-containing agar, (d) We will analyze by MALDI-TOF MS cells of Strain B13-D5 not 
induced and induced for POB dioxygenase (22), consisting of 46.3 and 33.6 kDa subunits. Similarly, we will 
attempt to detect the Entereobacter cloacae nitroreductase by comparing mass spectra from induced and not 
induced cells of £. coli pRK1 focusing on the 29 kDa nitrogenase (29). It is likely that the functional enzymes 
cannot be detected directly because of their lesser abundance and unfavorably large mass. Therefore, we are 
prepared to selectively extract and partially purify proteins from.cell extract using the standard techniques 
outlined below. Purified proteins will be digested with trypsin and obtained data analyzed using SwissProt and 
NCBI database searches using our established methods for microorganism detection (20). 

Proteins will be extracted from microbial cells with 35% acetonitrile/1 % trifluoroacetic acid (TFA) and 
bound to a strong cation exchanger macrospin column (SMM-SCX, The Nest Group, Inc.). Proteins will be 
eluted from the macrospin column in at least four ammonium chloride salt steps ranging from 10 mM to 1 M 
ammonium acetate or ammonium chloride. Fractions will be dried, resuspended in 150 mM sinapinic acid (SA) 
containing 35% acetonitrile/1 % TFA and analyzed by MALDI-TOF MS (Voyager DE-STR, Applied Biosystems, 
Inc) if necessary, in both negative and positive ion mode to enhance the discriminatory power of the assay. 
When necessary, salt fractions will be desalted using C4 Ziptips (Millipore Corp., Milford). 

Reverse-phase chromatography represents an alternative to ion exchange chromatography and will be 
tested using C8 Macrospin columns (SMM-SS08V, The Nest Group, Inc.). Protein extracts will be diluted with 
1% TFA and bound to the C8 spin column. After washing with 1 %TFA, protein will be eluted from the column 
in at least four steps ranging from 5 to 50% acetonitrile, dried, resuspended in matrix and analyzed by MALDI- 
TOF MS. If neither of these methods sufficiently reduces the sample complexity, then both affinity procedures 
will be performed in series. Cleanup steps and analyses will be automated as much as possible. 

D3-SA#5: Specific Aim #5. To evaluate the applicability of ISMA technology to real-world situations by 
deploying prototypes of the device at a highly contaminated and w ell-characterized VOC-containinq Superfund 
site. 

The project will conclude with a field test of the ISMA sampler at the Building 834 Operable Unit at Site 
300. Samplers will be configured with three types of compartments: glass wool plugs only, glass wool plugs 
containing 10% agar by volume, and glass wool plugs containing 10% agar by volume supplemented with 
10g/kg of 13 C-labeled tetraalkoxysilane (custom-synthesized tetrabutoxysilane or tetrakis(2-ethylbutoxy)silane). 
ISMA samplers will be prepared in the laboratory, placed on ice and transported to the field. Prior to 
deployment, the compartments of both samplers will be flooded with sterilized distilled water in order to replace 
air. Samplers will be lowered into monitoring wells W-834-D3 and W-834-T5 to depths equivalent to half height 
of the well screen (25 ft and 70 ft, respectively). Initially, the device will be operated in flow-through mode for 5- 
14 days and retrieved. Back at the surface, the device will be drained, placed on ice and shipped overnight to 
the laboratory for analysis. Several sampling events are planned. The PI will train the LLNL personnel, conduct 
the first deployment of the sampler, and will observe the second sampling event. Following this, the trained 
LLNL staff (Mrs. Gregory and Madrid) will independently conduct any additional sampling as needed. 

The ISMA samplers will be analyzed as described above using the molecular-genetic analysis 
approach The content of replicate compartments may be combined in order to increase the amount of DNA 
extracted. The work will focus primarily on the extraction and analysis of the 3 C- labeled heavier DNA fraction. 
Field sampling will be repeated and modified as needed in order to maximize the growth of microorganisms 
metabolizing labeled tetraalkoxysilane-related compounds. Obtained samples will be screened for the 
presence of heavy DNA and sampling will be repeated as necessary. Heavy DNA from a successful field tnal 
will then be analyzed completely including sequencing of DGGE bands and comparative sequence analysis. 



I 

ThP work detailed in Section D3-SA#1 will produce two functional prototypes of the ISMA sampler Computer 
Z^^^Zl in Section D3-SA#2 will yield information on (a) the variance * 

isotopes for se,eo,,ve ly ,abe«n g = 
drivers of reductive dechlorination at the site. 
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Figure 4. 

Schematic showing the in situ 
microcosm array (ISMA) 
suspended in a standard 100-mm 
diameter groundwater monitoring 
well. The device is supported from 
the surface via an umbilical, that 
holds it in place and provides 
power and vacuum for actuation of 
the integrated closure mechanism 
and pump. 



Figure 5. 

In situ microcosm array (ISMA) 
system components. 



Pressure Vessel with 
Closure Mechanism 



Microcosm 
Array 



Pump 



Effluent Bottle 



Weight 



Valve Plate (movable) 
Restrictor Plate 



Inlet 




Pneumatic 
Cylinder 



Microcosm Array 
(Flow-through Capillaries) 



Compression Spring Assembly 



Closed 



Figure 6. Cutaway view of the closure mechanism and the microcosm array (see Section D for details). 



mechanism sealing the array. After a sufficient incubation period, the device is removed from 
the well and taken to a lab where the array is extracted and samples are analyzed. 
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Fig. 2 ISMA system components. 



Array and closure mechanism description 

The ISMA utilizes a custom 96-well microtiter array and closure mechanism to remotely seal the 
microvessels after a sufficient sample has been collected; see Fig. 3. The microvessels are 
7.5 mm diameter and 25 mm deep yielding a working volume of 1 100 jil. As shown in the figure, 
flow is injected into the mechanism via a single inlet filling the upper cavity above the valve 
plate. In the open configuration shown in the figure, the holes in the upper and lower valve 
plates are aligned with holes in the underlying restrictor plates allowing fluid to pass through the 
array. Flow exits from the lower cavity via a single outlet. To seal the array, the valve plates are 
translated horizontally blocking the holes in the restrictor plate and cutting off the flow. The valve 
plates are translated using a pneumatic cylinder. A compressive force is applied to the valve 
plates using springs to facilitate a tight seal between the valve and restrictor plates. 



Operating depth 

The operational depth of the device is limited primarily by hydrostatic stress. Based on 
conservative estimates, the device should function normally in depths up to 10 m. More detailed 
analyses and tests will have to be performed to determine the true depth limit. 



ISMA Closure Mechanism 

The In-Situ Microcosm Array (ISMA) system proposed will be used to remotely extract and 
culture environmental samples for bioremediation studies. The ISMA is designed to be 
suspended into a 100 mm (4") diameter well at depths up to 100 m (-300 ft.) and submerged up 
to 10 m (-30 ft.) below the water; see Fig. 1. The system collects ground water samples over a 
period of time and then seals creating an anaerobic environment suitable for culturing ? (Rolf) 
microorganisms. 
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Fig. 1 Schematic showing the ISMA suspended in a standard 100 mm 
diameter well. The device is supported from the surface via an 
umbilical, which supports the device and provides power and telemetry 
to the surface. 



System level description 

The ISMA system is shown in Fig. 2. It consists of a pump, a 96-well microtiter array, a closure 
mechanism, an effluent bottle, and a weight. The system functions as follows. The device is 
lowered into the well with the array sealed. The closure mechanism is opened via a pneumatic 
cylinder and ground water is transferred to the microtiter array from the pump. Ground water 
flows through the array exiting into the effluent bottle. Microorganisms are trapped in the 
webbing placed inside the array microvessels as the as fluid flows through the device. When the 
effluent bottle is full, a float trips power to the pump and actuates the pneumatic closure 
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Figure 2. 

Field site map indicating the locations 
of monitoring wells at the Building 834 
Operable Unit at LLNL Site 300, CA. 
Five-ppb-contours show the extent of 
groundwater contamination caused by 
spillage of trichloroethene (TCE) and 
tetrakis(2-ethylbutoxy)silane (TKEBS). 
The contour for c/s-1 ,2-dichloroethene 
(c/s-1 ,2-DCE) indicates the presence 
of intrinsic reductive dechlorination 
activity at the site. 



Figure 3. 

Composite digital image of an ethidium 
bromide-stained DGGE gel (35-55% 
denaturant) separating the bacterial DNA 
fragments coding for 16S rRNA. Using the 
primers GC-GM5f and 907r, fragments were 
amplified directly from DNA extracted from 
the following groundwater monitoring wells 
at LLNL Site 300: W834-D3, -U1 , -A1 , -B3, 
-J2, -S9, -12, -T2A, and -T5. 
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Fig. 3 Cutaway view of the closure mechanism and microtiter array. Detailed views show the 
alignment of the valve and restrictor plates in the open and closed configurations. 



Mass 

The dry mass of the ISMA system is 7.2 kg (15 Ibf). The dry mass on a subsystem basis is as 
follows- array and closure mechanism - 1.7 kg (3.8 Ibf); effluent bottle - 1 kg (2.2 Ibf); pump - 
1.8 kg (4 Ibf); weight - 2.7 kg (6 Ibf). When the effluent bottle is full the mass increases by 5 kg 
bring the resulting in a total wet mass of 12.2 kg for the system. 



Closure mechanism actuation 

The closure mechanism is actuated using a pneumatic cylinder. Pressure is supplied to the 
cylinder locally using a small pre-charged pressure vessel. In order to keep the unit compact, 
the pneumatic cylinder, control valves, and position sensors are encased in the pressure vessel. 
Prior to deployment into the well, the vessel is charged. A low voltage electrical feed from the 
surface is used to switch the state of the control valves; thus opening/closing microtiter valve 
plates Signals from the position sensors on the cylinder are fed to the surface indicating the 
state of the device. Bleed off air from the cylinder is vented above the water table via a tube in 
the umbilical. 
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Abstract of the Invention [Briefly describe the invention] 



A new tool has been devised allowing for the in situ environmental monitoring of (i) biodiversity (ii) microbial 
metabolic activity of pure and mixed cultures, (hi) the behavior, survival and Fate of native and toduTed 
ZZT^T n ^[ en ^ 0Ms '. W the flow of energy, carbon atoms and other elements and 
molecules n native microbial commumties. In addition, the device can be applied for (v) studying abiotic reaction* 
of chemicals m solution and on surfaces, (vi) the discovery of novel natural products, (vi ) biop^Lc W foTnove 
microorgamsms, and (viii) the cultivation of microorganisms that cannot J^l^^^^T 
the laboratory environment. The tool-in situ microcosm array-is made from an inert mLial and contZ a 
nZzZ of C 7 M ~ ( tens t0 *™«**) de-gned for capturing and cultivating microorgamsmsTtlir 
natural environment and for determining their biochemical potential and activities in sib!. The compartments of L 

S^Tk t^^n teS i V H eSSdS - ^ C ° mpartment C ° ntainS t6St SUbstances » - ™rsT^ P oll 
™ e Z ^1 ? ' S ° r SaSe ° US PhaSS) * at may b£ labded With isot °P es for U P^ byfor binding to 

metabohcally active microorganisms. The tool is used by exposing the individual test compartments of me dfvke 
to me matrix of interest (e.g., submerging the device in groundwater or seawater) and by i,L,^t m ritu prior 
to ana^sis. Integrated pumps and closure mechanisms facilitate controlled flux of chemicals and the Z matT 
(e^g groundwater or seawater) through the device thereby allowing for operation in flow-through mode, batch 
mode, open-system mode or a combmation of the above. Typical test compounds are environmental pollutants 
electron donor/acceptor compounds, chemical indicators reporting on the presence of a desired 
biochemical/metabolic function, growth factors or biochemical inhibitors favoring the growth of specific 
microorgamsms or microbial communities, as well as microbial carbon sources and energy sources The device 
may also be amended with bacteria/spores/ vimses and protozoa to determme their survival in the environment and 
0 measure any change they may cause, including ecological effects that are of interest for ecological risk 
assessment Followmg incubation in the test environment, the tool is analyzed for biochemical marker compounds 

ndteno ' ^ DNA ' rib ° S ° mal ** « characteristic for the traced 

mdigenous microorgamsms, using physical, chemical, biological, genomic and/or proteomic approaches. Analysis 

llT27™t* ^ a fr ^ ident / ifyinS metab0lical * «*v microorganisms. Additional analy^s can be 
L™™ > *? env ^onmental sample and/or on the inner surfaces of the tool in order to determine biofilm 
Z!T^* ™ C f lall ^ duced chan § e Comical or physical) within the test system or within the fluids that 
were passed through them. Collecting all of the effluent of the various test vessels combined or individually allows 

ZZ forThe n m !c C °oh ' ^ maSS baIan ? 0n b0th Ch6miCalS ^ micro ^anism S . The above analyses provide both a 
Corn^utl nnT f 1 community and a corresponding rate of chemical, biochemical and/or physical change. 
Computational analysis of the multiple community profiles and corresponding rates of change- by e g subtract™ 

LTec 1 T 6 t0 ^ ° bSerVed t0 SpedfiC microbial community members 2 Use o7in^b^for 

e ected subpopulations aids m this task. This technology is novel in that it combines automated biochemical in 1 

£2 7 Tr (Stab - radioactive )> » situ — Pl-g and incubation, as well as laboratory-cuto 

comn S T T, C0UlmWI * anaIySiS - 11 ^ S6rVe t0 link ° bserved -actions/activities to distinct members of 
complex microbial commumties-. It can reveal the presence of novel microorganisms, biomolecules, metabohc 
fimctoons and cell signa hng while recording the chemical composition of the target environment at the same time 
eTl.l T aPP t0 l hQ environinental monitoring of cleanup sites, biodiversity prospecting studies and 

Ltrfr™ StUd ? •• ^ US6d t0 f ° reCaSt reaCti0n rates in aItered environment!, systematic biises 
mtroduced by the measunng technique may be accounted for by standardizing the analysis, by including test 
compounds and living microorganisms for normalization and direct comparison of test results, and by usin* 
algorithms that correct measured rates for biases via interpretation of databases containing pairs of predicted and 
actual rates measured followmg environmental manipulations (e.g., nutrient and oxygen addition). The device also 
may be applied m bioaugmentation studies and in assessing the environmental survival and impact of native ; 
microorgamsms and more importantly, introduced non-native microorganisms and genetically modified organisms 
in addition, it can be deployed in deep-sea environments for bioprospecting and ecological studies 
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2. Problem Solved [Describe the problem solved by this invention] 

The new tool and analysis strategy allows one to determine the microbial community structure of complex 
environmental mixed cultures, to link an observed chemical, biochemical and/or physical change to a particular 
microorganism, to study microbial interactions, and to culture and study previously uncultivated microorganisms in 
pure culture and during interaction with their natural environment. Due to the incubation of the tool in situ, rates 
and metabolic activities determined with the device are expected to closely mirror actual actions currently occurring 
or potentially occurring in situ. The use of isotopes in conjunction with molecular-genetic and/or proteomic 
analysis techniques allows one to distinguish dead and dormant microorganisms from metabolically active ones 
(only viable cells will incorporate isotope labels into biomarkers). Parallel testing of effects caused by various 
environmental parameters (e.g., type and concentration of added nutrients/mixtures/rnicroorganisms) allows one to 
deduce which of the metabolically active microorganisms are responsible for an observed change. This has 
important implications for the design and monitoring of bioremediation strategies, e.g. bioimmobilizaiton of 
uranium by bacteria, or the dechlorination of toxic chloroethenes, etc. Taken together, these characteristics of the 
new technology provide a hitherto unattained level of Discriminatory power that will enable one to selectively 
enrich for, culture and identify novel microorganisms and microbial functions. This is of great importance for the 
cleanup (bioremediation) of contaminated sites and for the biological prospecting for novel microorganisms, 
biomolecules, drugs and metabolic processes. Furthermore, the technology can be used for the in situ cultivation of 
microorganisms that do not grow in the laboratory, and for assessing the survival and metabolic activity of foreign 
species in natural environments, which is of importance to public health. 

3. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 
The tool and analysis strategy are novel because they allow for the first time the cultivation and comprehensive 
biochemical characterization of microorganisms in their natural environments. The technology is novel in that is 
combines in a non-obvious fashion the following tools/approaches: solid-phase sampling techniques, in situ 
enrichment and biochemical screening, use of electron donor/acceptor pairs, isotope labeling and massive parallel 
screening with automated analysis. The technology is novel in that it provides data for hundreds or even thousands 
of hypothetical environmental scenarios, thereby allowing one to determine quickly and in an automated fashion the 
likely rates of environmental change induced by these perturbations. The strategy is novel in that it makes use of in 
situ microcosm arrays in conjunction with culture-independent microbial community analysis to obtain a 
comprehensive picture of microbial communities. It is suitable for linking specific microbes to observed reactions 
by using computer-assisted subtractive profiling techniques. It is fully compatible with existing robotic systems 
thereby allowing for rapid and fully automated analysis using chemical, physical, biological, genomic and — more 
importantly — proteomic analysis techniques. The proposed inclusion into the in situ microcosm array sampler of 
miniaturized pumps, closure mechanisms, semi-permeable membranes and filters is new as it will allow one to first 
inoculate and then incubate the device in the environment without removing (and potentially harming) the resident 
microbes from their natural environment. The device can be equipped with microfluidic systems allowing for 
delivery of small volumes and defined quantities of microorganisms to the test chamber prior to physical and/or 
chemical containment of the captured specimens via barriers that are either non-permeable, semi-permeable or 
completely permeable for chemical compounds; this aspect will allow one to culture uncultivated or "non- 
culturable" bacteria to numbers sufficiently large to perform biochemical characterization and identification. The 
technology is suitable for determining the rate of protozoan grazing in situ. The device also allows one to determine 
how non-native microorganisms will cope in natural environments when confronted with physical, biological 
and/or chemical stressors. For this application, test organisms will be inoculated into the device prior to its 
deployment. Semi-permeable membranes can allow the introduced species to come into contact with the target 
environment while staying contained in the device. Inoculation of some of the test chambers with known quantities 
of test microorganisms also can assist in determining the toxicity of a natural environment and in normalizing 
assessment data for direct comparison of geographically distinct environments. 
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4. Detailed Description of the invention: 

On a separate page(s), attach a detailed description of how to make and use the invention. The description must 
contain sufficient detail so that one skilled in the same discipline could reproduce the invention. Include the 
following as necessary: 

Please refer to the attached two grant proposals and one abstract, taken from a letter of intent sent in response to a 
request for proposals. 

1 - data pertaining to the invention; 

2- drawings or photographs illustrating the invention; 

3- structural formulae if a chemical; 

4- procedural steps if a process 

5- a description of any prototype or working model; 

In general, a manuscript that has been prepared for submission to a journal will satisfy this requirement. 

Configurations of the in situ microcosm array (ISMA) for bioremediation and bioprospecting in addition to those 
mentioned in the attached research proposals. 

In addition to the details provided in the attached research proposals, the device can be equipped/used as stated 
below: 

Sorbent materials for chemical analysis. Effluent from the individual flow-through microcosms will be passed 
through a sorbent material (e.g., chromatographic columns, C-18 solid-phase-extraction plates [Spec manufactured 
by Varian], ion exchange cartridges, disk filters, membranes or other) to sorb and capture selected 
chemicals/specimens of interest. Following retrieval of the device, chemicals/specimens collected on the sorbent 
can be removed and analyzed. This allows one to conduct a complete mass balance on microorganisms and 
chemicals entering and leaving the device. For this purpose, sorbent arrays can be located downstream and/or 
upstream of the microcosm array. 

Individual collection vessels. The attached drawings shows a single receptacle for the combined effluent of all 
flow-through microcosms. Alternatively, the effluent of the individual microcosms may be collected separately. 
Thus, the single effluent bottle shown in the attached research proposal may be replaced by a manifold connected to 
hundreds or thousands of small bladders that can capture the effluent from each individual microcosm thereby 
providing an absolute mass balance on all materials that passed through each of the microcosms. 

Standardized microcosms. Each ISMA can contain a number of "standardized microcosms." The latter are flow- 
through microcosms containing a known quantity of well-defined microorganisms and varying amounts of test 
compound(s) (none to high concentrations). Standardized microcosms will provide a measure of the toxicity of the 
test environment. In addition, analysis of the survival and growth of these microorganisms and their metabolic 
activities under the respective conditions will allow one to normalize test results for ISMA samplers deployed in 
different locations and at different points in time. 

Integration of filters in selected microcosms. Selected microcosms will be equipped with a filter (placed at the inlet 
or further upstream of the flow-through microcosm). Filters will allow one to selectively exclude certain micro- 





organisms from entering a flow-through cell. For example, exclusion of protozoans will allow one to determine the 
rate of protozoan grazing by comparing the results of two sets of microcosms that were identical except for the 
presence of the filter in one set of the systems. Similarly, one may exclude larger bacteria using a particular pore- 
size filter to selectively enrich for small bacteria (micro- and nanobacteria). 

Modifiers. Selected flow-through microcosms will be equipped with chemical inhibitors, inducers and similar 
chemical modifiers. This will allow one to selectively induce the expression of proteins and metabolic functions of 
interest m captured microorganisms. In addition, chemical modifiers maybe used to selectively suppress 
subpopulations within the device. For example, antibiotics can be included to suppress growth of fungi, certain 
bacteria and protozoa. Similarly, inhibitors can be included to prevent the growth and activity of microbial 
subpopulations; for example, sulfate reducing bacteria and methanogens may be selectively inhibited using sodium 
molybdate and BES, respectively. Additional selective inhibitors exist that inhibit other subpopulations. 

Test compound delivery system. Agar is only one of many substances to be used as a substratum for microbial 
colonization and as a medium for continuous release of test compounds. Alternative materials include gellan gum 
with or without CaCl (Jansen et al. 2002), and other inert materials such as glass or plastic that can be molded to 
form columns, porous networks, beads, etc. Test compounds may also be presented to microorganisms within the 
microcosms using solids (crystals) and coatings of poorly water-soluble compounds (nonaqueous phase liquids). 
Gases may be delivered to the system using any of the following techniques: in situ generation of the desired 
dissolved gaseous species; adsorbed gases; semi-permeable membrane vesicles filled with gasses of interest 
(passive gas delivery); or active gas delivery using miniaturized pressurized gas bottles. 

Pumps. The test medium (e.g., groundwater or seawater) may be delivered by a single pump using conventional 
pump systems such as centrifugal pumps, rotary pumps, piston pumps, syringe pumps (twin configuration; one 
syringe delivers while the other is being filled), peristaltic pumps and/or bladder pumps. Alternatively, multiple 
pumps may be used to achieve similar flow rates in all systems regardless of pressure buildup that may occur as a 
result of in-line filters, physical clogging and microbial growth. These pump arrays may use any of the above pump 
mechanisms or equivalent others. 

Microfluidics and multiple arrays. Some applications may benefit from the use of microfluidics and operation of 
multiple arrays in parallel or in series. For example, for bioprospecting studies the number of test compartments 
may be as high as several thousand per microcosm array. These miniaturized systems will be fed with test medium 
^groundwater, seawater, etc.) using microfluidic systems that minimize dead volume within the device and allow 
for delivery of (sub-)microliter quantities of test medium to the individual microcosms. This configuration will be 
ideal for bioprospecting studies tp cultivated otherwise "non-culturable" microorganisms. Following delivery of a 
small volume of test medium to a microcosm, the valve plates may move into an intermediate position thereby 
placing a semi-permeable membrane at the entrance and exit of a microcosm. Thus, individual microbial cells may 
be trapped randomly in a single microcosm. These may then be incubated in a flow-through mode that allows 
chemicals to enter and exit the test volume while microorganisms are prevented from moving in or out of the test 
vessel. In this way, confined microorganisms may be cultured while still being in "chemical communication" and 
interacting with other microbial community members. Cell signaling and other chemical interactions occurring only 
in situ are known to be essential for certain microorganisms to proliferate. Operating thousands of microcosms in 
one array and several of these arrays in parallel or in series will facilitate high throughput screening of large 
numbers of organisms under diverse test conditions. 

Adaptation of the device for deep-sea exploration. Using the configuration and materials shown in the attached 
drawing, the device is estimated to withstand depth of 100 meter and below. Alternative materials such as the use 
of stainless steel with or without polymer coating will make the device suitable for deep-sea deployment. The 
umbilical shown in the attached figure may be replaced with a remote and/or programmable control mechanism. 
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5. Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, 
breadth of substituents, derivatives, salts etc., if DNA or other biological material, describe modifications 
that are expected to be operable, if a machine or device, describe operational parameters of the device or a 
component thereof, including alternative structures for performing the various functions of the machine or 
device] 

The proposed technology has a broad workable extent. Microfluidics, filters of varying sizes, semi-permeable 
membranes and alternative closure mechanisms maybe integrated into the sampler to separate in time the 
inoculation of the device from the incubation period that allows chemical change to take place within the sampler. 
Optical and/or electrical detection systems may be incorporated in microfluidic configurations to seal individual 
microcosms as soon as a single cell has been delivered to the microcosms, thereby greatly increasing the success 
rate of isolating novel microorganisms. Proteomic approaches may be used for rapid and fully automated analysis 
(e.g., matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and protein 
sequencing of enzymatic digests using tandem mass spectrometry (MS/MS). Central facilities may be used for 
analyzing samplers deployed in situ. This will allow for automated analysis and for a high degree of 
standardization. Standardized analysis in rum will dramatically improve measurement precision and will allow one 
to determine the systematic biases of the technique (due to "bottle effects") that may limit measurement accuracy; 
once identified, these biases can be accounted and corrected for thus enabling one to predict with high accuracy and 
precision the environmental change to be observed following engineering interventions. For bioremediation 
purposes, this would entail the development of databases that record predicted biotransformation rates and rates 
actually observed in situ. The format of the tool allows for automated analysis. Speed and ease of analysis may be 
achieved by replacing molecular-genetic analyses with other more convenient measurement techniques suitable for 
discerning isotope distributions (e.g., use of MALDI-TOF MS and bioinformatics database searches for automated 
microorganism identification). Sample processing using commercially available robotics (Amersham Biosciences 
robotics) and tools for rapid sample cleanup and processing (e.g., Gyrolab MALDI SP1 etc.) in conjunction with 
enzymatic digestion steps (e.g., trypsin digestion). 

The device also may be adapted for studying the fate of either beneficial or hazardous biological agents in natural 
environments. This work would require the device to be modified to reflect as closely as possible within each test 
compartment the physical/chemical/biological environment of interest (e.g., flow-through cells equipped with local 
sediment etc.). Again, the device would be equipped with a semi-permeable barrier allowing for interaction of the 
test species with the environment without allowing for its release. 
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Integration Of Real-Time Sensing Technology Into The ISMA Device 

The drawing (file name: sensor_layout.jpg) shows the layout for integration of real-time 
sensing technology into the ISMA device. Each of the individual test compartments or 
capillaries is equipped with an orifice (ranging in diameter from 100 to 1000 
micrometers) that can accommodate one or multiple protruding sensor heads or multi- 
parameter sensor heads. Signal transmission is achieved via one of the following 
mechanisms (1) wiring, (2) flexible optical fibers, or (3) another suitable technique 
allowing for transmission of sensing information from each compartment to the exterior 
of the device. As shown in the drawing, individual sensing channels are first running in 
parallel and, on their way to the exterior of the device, form successively larger growing 
arteries or transmission channel bundles. In the drawing, all 96 (and possibly more) 
channels are exiting jointly in a central single location. Other configurations not shown 
here are possible and may be chosen to not exceed bending limits imposed by optical 
fibers of limited flexibility. The latter situation will require multiple openings and 
channels, leading to individual compartments in a straight or curved fashion suitable for 
accommodating more rigid materials. 

Starting And Stopping Reactions Within The Device 

A layout identical or similar to the above channel configuration may also be used to 
inject test chemicals into the device at predetermined times or when desirable conditions 
have been reached as signaled by the integrated sensors. Reactions can be executed as 
follows: first, the valve plates nearest to the effluent container is being translated to allow 
for partial displacement of capillary content; next, chemicals contained in a reservoir or 
concentrated in the transmission channels are delivered into one, multiple or all 
compartment by means of a pressure pulls generated using (1) the integrated pressure 
container (gas driven), (2) an additional pressure container, or (3) another delivery mode 
such as an integrated pump. Following delivery of the test chemical, substance or 
organism, valve plates may stay open for flow-through operation or may be closed for 
batch operation. The orifice leading to the capillary lumen is equipped with a 
miniaturized check valve that allows unidirectional flow during delivery of the injection 
pulse while preventing backflow of liquids into the transmission channels before, during 
and after incubation. This mode of delivery can be exploited to deliver (1) sensitive 
materials that are susceptible to degradation during initial submersion and deployment of 
the device, (2) microorganisms that do not tolerate initial conditions in the device, e.g., 
obligate anaerobic bacteria whose survival and cultivation requires anoxic conditions, (3) 
biological agents that are in a dormant state such as microbial spores (e.g., Bacillus 
anthracis), and (4) "trigger compounds" that either initiate or end a given process; for 
example, excessive build-up of microorganisms (biofouling) can cause a reduced flow 
rate. Flow sensors sensing the undesirable change will trigger the release of a sodium 
azide solution (or another agent) to the compartment that then will bring ongoing 
reactions to a complete stop. This process will allow one to take a snapshot of chemical, 
biological or physical conditions within the device at discrete time intervals in single, 
multiple, or all compartments. It also can facilitate the delivery of labeled marker 
molecules into the device upon reaching of desired conditions. This latter option is useful 
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when using expensive isotopes and other labels of which only the absolute minimum 
quantity should be used for economical reasons or due to environmental health and safety 
consideration. 

Integrated Control Mechanism Signal 

Transmission channels may be configured with triggered or automated feedback loops 
that translate a sensing event into a mechanical maneuver within the device, e.g., closing 
of valve plates or targeted heat sterilization via (1) electrical heating or (2) chemical 
heating via delivery of a reactive compound or a combination of chemicals triggering 
exothermic reactions. 

Wireless Signal Transmission 

For operation in remote or extreme environment, the ISMA device can be equipped with 
a small battery and transmitter (located externally or integrated into the device) to relay 
signals from the device to the surface or a conveniently placed control module. Similarly, 
signal transmission from the control station to the device can be achieved by integrating 
receivers into the device either externally or internally. Power sources may be recharged 
using existing redox gradients or other renewable energy sources. There may be a need 
for signal amplification, which can be accomplished by amplifiers placed along the 
transmission pathway, to maintain signal strength when bridging large distances or 
challenging conditions, such as signaling from deep-sea environments to sea level. 

Materials Compatibility And Design Modifications For Diverse Environments 

Materials used in the manufacturing of system components can vary and will be selected 
based on the desired application in order to withstand chemical, biological, or physical 
stress or a combination thereof. For example, for deployment in deep sea environments, 
system components may primarily consist of metals and Teflon-coated metals that can 
withstand extreme pressures and temperatures encountered in hot smokers and thermal 
vents. Similarly, the dimensions of the prototype shown in the drawings may be either 
dramatically increased (structurally reinforced, larger apparatus) to allow for application 
in conditions of extreme pressure, temperature, etc., or may be dramatically decreased 
(micro-electro-mechanical systems; MEMS) to generate nanotechnology devices suitable 
for use in human and animal testing of bodily fluids. In these applications, the device 
may take the form of a flexible pad worn externally. Alternatively, it may be used to 
study the chemistry and biology within living macro-organisms (plants, animals, humans) 
by serving as an implant that may be delivered surgically, be swallowing or another 
delivery mode. 
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